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R = -H/ -F/ -CH3/ -OCH3
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Part 3 - Project 1
A: NH3 or 1.2 DACH
X: Cl     or oxalate
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Unusual mode of protein binding by a cytotoxic
π-arene ruthenium(II) piano-stool compound
containing an O,S-chelating ligand†
Jana Hildebrandt,a Helmar Görls,a Norman Häfner,b Giarita Ferraro,c Matthias Dürst,b
Ingo B. Runnebaum,b Wolfgang Weigand*a and Antonello Merlino*c,d
A new pseudo-octahedral π-arene ruthenium(II) piano-stool
compound, containing an O,S-bidentate ligand (compound 1) and
showing signiﬁcant cytotoxic activity in vitro, was synthesized and
characterized. In solution stability and interaction with the model
protein bovine pancreatic ribonuclease (RNase A) were investigated
by using UV-Vis absorption spectroscopy. Its crystal structure and
that of the adduct formed upon reaction with RNase A were
obtained by X-ray crystallography. The comparison between the
structure of puriﬁed compound 1 and that of the fragment bound
to RNase A reveals an unusual mode of protein binding that
includes ligand exchange and alteration of coordination sphere
geometry.
Since the discovery that cisplatin (cis-Pt(NH3)2Cl2) could be
used to treat or even cure several forms of cancer,1 the use of
metal compounds as anticancer drugs has continued to attract
the attention of the scientific community.2 Cisplatin and its
second generation derivatives carboplatin and oxaliplatin
are currently the most widely used chemotherapeutic drugs.3
The activity of these anticancer agents is associated with the
formation of DNA lesions that interfere with transcription,
resulting in cell death by apoptosis.4 In spite of their success
in clinical applications, Pt-based drugs are of limited eﬃcacy
due to severe side eﬀects, including toxicity and intrinsic or
acquired resistance. These limitations prompted the design
and synthesis of novel chemotherapeutic agents based on the
use of non-Pt metals, such as gold and ruthenium.5,6 In this
context, Ru compounds have emerged as a promising alterna-
tive to Pt drugs, as they show selective activity against specific
cancers and low toxicity.7 Among Ru compounds, indazolium
trans-[tetrachloridobis(1H-indazole)ruthenate(III)] (KP1019) and
imidazolium trans-[tetrachloride(1H-imidazole)(S-dimethyl-
sulfoxide)ruthenate(III)] (NAMI-A) have attracted the most
attention as potential anticancer agents; both have successfully
completed phase I and II clinical trials.6,8,9 The octahedral
geometry of the Ru coordination sphere in these molecules
provides a higher degree of binding site selectivity when com-
pared to the square-planar coordination sphere of Pt(II) com-
pounds. This results in low toxicity and good clearance.
Another family of potential Ru drugs consists of pseudo-
octahedral π-arene ruthenium(II) piano-stool compounds of
the type [(η6-arene)Ru(chelate)Cl)]+ where the chelating ligands
are N,N– or N,O–.10,11
Recently, we have reported the synthesis, structural charac-
terization, binding to biological macromolecules (DNA and
proteins) and antitumor activity of Pt(II) compounds contain-
ing cinnamic acid derivative ligands.12–14 Taking advantages of
the experience we have gained in this field, we have designed
new Ru(II) compounds containing these O,S-chelating ligands.
The aim is to provide a new class of π-arene ruthenium(II)
piano-stool compounds with potential cytotoxic activity. In
particular, we started with the synthesis of compound 1
(Scheme 1). The O,S-bidentate ligand β-hydroxy dithio-
cinnamic methyl ester, L, was chosen because it ensures moder-
ate solubility of metal complexes in mixed organic/aqueous
Scheme 1 Reagents and conditions: (a) (i) [(η6-p-cymene)RuCl2]2,
tetrahydrofuran (THF), room temperature; (ii) 2 equiv. t-BuOK, THF, r.t.,
0.5 h; (iii) 24 h, r.t.; (iv) H2SO4/H2O, r.t., 0.5 h.
†Electronic supplementary information (ESI) available. CCDC 1476883. For ESI
and crystallographic data in CIF or other electronic format see DOI:
10.1039/c6dt02380k
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solvents and also because the Pt compounds containing this
ligand are stable under diﬀerent experimental conditions and
have been found to bind proteins, as demonstrated by mass
spectrometry and X-ray crystallography data.14 The synthesis of
compound 1 was accomplished as reported in Scheme 1. The
experimental conditions and details of the protocol used to
synthesize compound 1 are reported in the ESI.†
1H NMR and elemental analysis confirm the identity and
purity of the compound. Single crystals suitable for X-ray diﬀr-
action were obtained by an evaporation method (see the ESI†
for details). The structure is reported in Fig. 1.
The antiproliferative activity of compound 1 was evaluated
by the MTT assay towards diﬀerent cell lines, including the
cancer cell lines SKOV-3 (human ovarian cancer), A2780
(human ovarian carcinoma) and A549 cells (human lung carci-
noma) and cisplatin resistant cancer cells A2780cis and
SKOV-3cis. Data were compared with those obtained using L or
cisplatin and testing the compound against non-cancerous cell
lines (Table 1). Compound 1 exhibits significant cytotoxicity
against all the five tested cancerous cell lines with IC50 values
in the low μM range, i.e. with values similar to those exhibited
by cisplatin (Table 1). Interestingly, lower sensitivity for
compound 1 is observed for two of three non-tumorigenic cell
cultures. In contrast, cisplatin exerts high activity against all
three control cultures comparable to the cancer cell lines.
These data point to an increased cancer cell-specificity of
compound 1 in comparison with cisplatin.
The mechanism of action of ruthenium compounds is still
debated although it is commonly believed that, at variance
with Pt-based antitumor agents, like cisplatin, carboplatin and
oxaliplatin that interact with DNA,2 they preferentially hit
protein targets.15–17 For this reason, to obtain insights into
the possible mechanisms of action of compound 1, we have
studied its reactivity with guanine derivative guanosine-5′-
monophosphate (5′-GMP) and with the model protein bovine
pancreatic ribonuclease (RNase A), which has already been
shown to bind both Pt-18–21 and Ru-based anticancer agents.22
First, to assess the stability of compound 1 in diﬀerent sol-
vents, including mixed aqueous/solvent solutions used to test
the cytotoxicity of the compound, UV-Vis absorption spectra
were collected as a function of time (Fig. 2 and S1†). The
changes in the spectral profile of compound 1 were monitored
over 24 h at room temperature. The UV-Vis spectra of com-
pound 1 in DMSO show an intense peak at 349 nm, a small
peak at 296 nm and a shoulder at 457 nm (Fig. 2 and S1A†).
The absorption bands at 296 and 349 nm were assigned to
π–π*/n–π* transitions, while the low intense absorption band
at approximately 457 nm to metal to ligand charge transfer
(MLCT). Within 24 h, the complex seems rather stable,
although it experiences a slow red shift of its main band up to
354 nm, accompanied by a progressive slow and very slight
decrease in the intensity of all bands of the spectrum. The
observed spectral changes reported in Fig. 2A and S1A† are
similar to those observed when the compound is dissolved in
50% DMSO and 50% PBS at pH 7.4 (Fig. S1B†) and in 10%
DMSO and 90% PBS at pH 7.4 (Fig. 2B). These spectral
changes are consistent with those obtained in the case of
other Ru–arene compounds23 and are attributed to the occur-
rence of a ligand exchange process: for example in aqueous
solutions these spectral changes are attributed to conversion
of the starting chlorido complex into the corresponding aqua
species. This is also demonstrated by the finding that, when
dissolved in 1 M NaCl solution, aquation was significantly sup-
pressed (Fig. S2†), due to an increased concentration of Cl−
anions inhibiting hydrolysis of the Ru–chloride bond.
Spectral modifications were observed also when the com-
pound reacts in the presence of 5′-GMP (Fig. S3†). These
changes appear even more significant when compound 1
reacts in the presence of RNase A (Fig. 2C) in 10% DMSO and
90% PBS at pH 7.4 or in 10 mM sodium citrate at pH 5.1
(Fig. S1C and D†). The latter condition was chosen since it can
be used to test the catalytic activity of RNase A and to crystal-
lize the protein (see below). Under these experimental
conditions the behaviour of the compound in the presence of
the protein (Fig. S1D†) is diﬀerent when compared to that of
Fig. 1 Molecular structure (50% probability) of compound 1. Selected
bond lengths and angles: the Ru–centroid of the arene ligand (X*) =
1.667(3) Å; Ru–Cl1 = 2.4374(6) Å; Ru–O1 = 2.054(1) Å; Ru–S1 = 2.3415(4)
Å; O1–Ru–Cl1 = 83.54(4)°; S1–Ru–Cl1, 88.33(2)°; S1–Ru–O1 = 90.25(4)°;
O1–Ru–X* = 125.97(7)°; S1–Ru–X* = 127.97(6); Cl1–Ru–X* = 127.13(6)°.
Further details, including the comparison between the structural
features of compound 1 and those of L are reported in Tables S1–S3.†
The structure has been deposited in the Cambridge Crystallographic
Data Centre under the accession code 1476883.
Table 1 IC50 values in μM of compound 1 for the antiproliferative
eﬀects in cancerous and non-tumorigenic cells compared with the
values obtained for ligand L and cisplatin. The incubation time was 48 h,
and the mean values are from at least three independent experiments.
Standard deviations are in parentheses (n.d. – not determined)
Cell line Compound 1 L Cisplatin
SKOV-3 18.9 (0.8) 270.1 (18.0) 3.8 (2.8)
SKOV-3cis 12.1 (5.5) 189.5 (15.0) 13.5 (4.4)
A2780 8.7 (3.8) 63.2 (6.3) 1.3 (0.2)
A2780cis 7.4 (0.8) 175 (2.0) 6.1 (2.1)
A549 8.0 (8.5) 201.4 (29.3) 7.6 (2.6)
Keratinocytes 12.3 (6.9) n.d. 5.7 (3.1)
Fibroblasts 76.4 (23.8) n.d. 4.1 (1.1)
MCF10A 28.8 (7.1) n.d. 3.3 (0.6)
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compound 1 alone (Fig. S1C†). These spectral changes were
attributed to interaction of the compound with protein residue
side chains and in particular with the side chains of His. This
was confirmed by spectra collected in the presence of imid-
azole (Fig. S1E†) and by crystallographic studies reported below.
Notably, RNase A remains active in the presence of compound
1 (Fig. S4†). These data are also consistent with the crystallo-
graphic finding that compound 1 does not bind in the enzyme
active site (see below).
In order to obtain further information on the interactions
that compound 1 can form with proteins, the structure of its
adduct with RNase A was then solved by X-ray crystallography.
Crystals of RNase A–compound 1 were obtained by soaking
experiments where native protein crystals were incubated with
an excess of the drug. The representative structure of RNase
A–compound 1 is reported in Fig. 3. The model, containing
two RNase A molecules (chains A and B hereafter) in the asym-
metric unit (a.u), comprises 2373 non-H atoms and is refined
to the R-factor and Rfree values of 0.172 and 0.236, respectively.
Crystallization, data collection, structure solution and refine-
ment details are reported in the ESI.†
The overall structure of the protein is basically unaﬀected
upon compound 1 binding. The root mean square deviation in
the positions of carbon alpha atoms between the adduct and
the native proteins is within the range of 0.33–0.60 Å.
The Ru binding sites were identified by analysing the
Fourier diﬀerence and anomalous electron density maps
(Fig. 4, S5 and S6†): the compound 1 fragment binds the side
chain of His105 in both molecules of a.u. Unexpectedly,
inspection of the e.d. maps reveals a change in the geometry
of the coordination sphere of the Ru centre, which binds the
imidazole of the His105 side chain, three water molecules and
the O,S-chelating ligand in chain A (Fig. S5†), the imidazole of
the His105 side chain, two DMSO molecules, the O,S-bidentate
ligand and a water molecule in chain B (Fig. 4). These data
unambiguously demonstrate that, at least under the investi-
gated experimental conditions, a loss of the more labile η6-p-
cymene and chlorido ligands from the Ru centre together with
a change in the metal coordination number (and thus in the
geometry of the ruthenium coordination sphere) occurs upon
protein binding. It is also interesting to note that the two frag-
ments bound to the protein are diﬀerent; thus the metal
complex binds to the protein through two diﬀerent binding
Fig. 2 UV-Vis spectra of 1 mM compound 1 in 100% DMSO (panel A)
and in 90% PBS at pH 7.4, 10% DMSO in the absence (panel B) and pres-
ence of RNase A (panel C) in a 1 : 3 protein to metal molar ratio, follow-
ing each 1 h over 24 h.
Fig. 3 Cartoon representation of the RNase A–compound 1 structure
(chain B). The compound 1 binding site is also shown along with Ru and
its ligands. Structural reﬁnement suggests a partial occupancy of com-
pound 1 equal to 0.40 and 0.50 in chains A and B, respectively. The
B-factors of Ru atoms and ligand atoms in the A and B chains are 27.7,
15.6 Å2 and in the range of 12.8–29.7 Å2, respectively. The structure has
been deposited in the Protein Data Bank under the accession code
5JLG.
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modes, i.e. with diﬀerent patterns of ligand exchange. The loss
of an arene ligand upon protein binding is unusual for a
π-arene ruthenium(II) piano-stool compound. It was reported
just in one paper, studying the interaction of ubiquitin with
Ru(II)(η6-C6H5CF3)(PTA)Cl2 (PTA = 1,3,5-triaza-7-phospha-
adamantane), by mass spectrometry.24
To the best of our knowledge there are no other cases, docu-
mented with crystallographic data, of this kind of protein
binding mode for a π-arene ruthenium(II) piano-stool com-
pound. Interestingly, upon modification of its geometry the Ru
centre adopts the octahedral coordination that is typical of the
Ru compounds NAMI-A and KP1019 in clinical trials.5
In the X-ray structure of the half-sandwich arene Ru(II)–
lysozyme complex, solved by Sadler and coworkers, the
η6-p-cymene ligand is retained and the geometry around
the Ru centre is comparable to that of the [η6-p-cymene
Ru(L-His-methyl ester)Cl]Cl compound.25
Similarly, the η6-p-cymene ligand is retained upon protein
binding in the structures of a “piano-stool” organometallic
Ru(II) arene compound encapsulated within the ferritin nano-
cage, solved by Ueno and coworkers.26
The X-ray structure of the adducts that NAMI-A forms with
carbonic anhydrase27 and hen egg white lysozyme28 indicated
that NAMI-A behaves as a prodrug, progressively releasing all
Ru ligands, with naked Ru centers that bind the final target
protein residues. Overall, the reactivity of compound 1 with
proteins reveals the loss of ligands and an octahedral coordi-
nation of the Ru centre and thus a behaviour similar to that of
NAMI-A.
In conclusion, here we have prepared and fully character-
ised a new π-arene ruthenium(II) piano-stool compound con-
taining a O,S-chelating ligand. The cytotoxicity data show that
it is active against five diﬀerent cancer cell lines with IC50
values ranging from 7.4 μM to 18.9 μM likely with increased
selectivity for cancer cells compared to cisplatin. The reactivity
of the compound with a guanine derivative 5′-GMP and the
model protein RNase A was analysed by UV-Vis absorption
spectroscopy. The adduct that the compound forms with
RNase A was studied by X-ray crystallography. The structure of
the adduct is characterised by the presence of an octahedral
Ru complex fragment where the O,S-chelating ligand is
retained, whereas the η6-p-cymene and chlorido ligands are
lost. The octahedral geometry of the metal is completed by
three solvent molecules (DMSO or water molecules) and by an
N atom from the side chain of a protein residue. Overall, these
observations disclose a peculiar mode of compound 1 binding
to the model protein RNase A. This binding mode could
be operative also with other proteins. To the best of our
knowledge this is the first example of an adduct formed in the
reaction between a cytotoxic Ru compound and a protein,
where a change in the geometry and coordination number of
the Ru centre favoured by protein binding was found.
The authors thank G. Sorrentino and M. Amendola for tech-
nical assistance.
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Crystallization, X-ray diffraction data collection, structure resolution and refinement of RNase A-Compound 1 adduct
15 References
Table S1. Crystal data and structure refinement for Compound 1
Table S2.  Bond lengths [Å] and angles [°] for  Compound 1
Table S3. Selected distances and angles of Compound 1 compared to L 
20 Table S4.  Data collection and refinement statistics of the RNase A-Compound 1 adduct
Figure S1. UV-Vis spectra of 0.3 mM Compound 1 under different experimental conditions followed each 1 h over 24 h. (A) 100 % 
DMSO; (B) 50 % DMSO; 50 % PBS pH 7.4. (C) 10 mM sodium citrate pH 5.1; (D) 10 mM sodium citrate pH 5.1, 
protein:metallodrug ratio 1:3; (E) 10 mM sodium citrate pH 5.1, protein:imidazole ratio 1:3;
UV/Vis spectra of Compound 1 in DMSO show an intense peak at 346 nm, a small peak at 296 nm and a shoulder at 457 nm. The 
25 Compound  experiences a slow red shift of its main band up to 354 nm, accompained by a progressive slow decrease in intensity of 
all bands of the spectrum.
UV/Vis spectra of Compound 1 in PBS pH 7.4 show a similar behaviour when compared to the spectra of the compound in DMSO, 
although changes in the spectra are less pronounced. Peaks are observed at 295 nm and at 345 nm. Shoulder at 450 nm. 
UV/Vis spectra of Compound 1 in sodium citrate pH 5.1 show an intense peak at 342 nm, a small peak at 293 nm and a shoulder at 450 
30 nm. Within 24 h, the complex experiences a red shift of its major band up to 346 nm and a blue shift of the band at 293 nm which 
disappears upon 24 h and of the shoulder to 431 nm. The observed spectral changes are different in the presence of the protein. In 
fact, Compound 1 spectra in the presence of RNase A show a major peak at 346 nm and a very small peak at 457 nm that decrease 
their intensity with time. The peak at 293 nm is overlapped with that of the protein at 280 nm. After 24 h a red shift of the band at 
346 nm is observed also in this case.
35 Figure S2. UV-Vis spectra of 1 mM Compound 1 in 90% PBS at pH 7.4, 10% DMSO, 1M NaCl, followed each 1 h over 24 h. These 
spectra should be compared to those reported in Figure 2B. 
Figure S3. UV-Vis spectra of 1 mM Compound 1 followed each 1 h over 24 h in 90% PBS at pH 7.4, 10% DMSO in the presence of 5’-
GMP 
Figure S4. Hydrolysis of yeast RNA (evaluated by measuring the variation of absorbance at 300 nm as function of time upon addition of 
40 the protein to the yeast RNA sample) by RNase A (black) and its adducts with Compound 1. Catalytic  activity  of  RNase A in the 
presence of Compound 1 at different protein to metal ratio was determined spectrophotometrically by using the Kunitz assay [19]. 
0.5  mg x mL-1  of  RNA  and enzyme concetration =0.5 J( x mL-1 were used in  50 mM  sodium  citrate  buffer  pH  5.1,  at  298  K. 
Spectrophotometric   measurements   were   performed with   a   Jasco   spectrophotometer.   Experiments  have  been  performed  
after  24  h  of  incubation. Protein remains well active in the presence of the compound.
45 Figure S5. Compound 1 binding site in RNase A-Compound 1 adduct showing the Ru centre bound to His105. Anomalous electron 
density map that allows the identification of Ru centre is shown at /L level.
Figure S6. Details of Compound 1 binding site in molecule A of RNase A-Compound 1 adduct showing the Ru centre bound to His105. 
2Fo-Fc electron density maps are contoured at L (red) and %EL (cyan) level.
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Materials and Methods
Synthesis and characterization of Compound 1
The M-hydroxy dithiocinnamic methyl ester and [(N6-p-cymene)RuCl2]2 were prepared using protocols available in literature, with 
minor modifications. [(N6-p-cymene)RuCl2]2 (0.5 equiv, 500 mg, 0.81 mmol) was dissolved in 50 mL tetrahydrofurane (THF). The 
5 M-hydroxy dithiocinnamic methyl ester (1 equiv, 367 mg, 1.62 mmol) was dissolved in 25 mL THF. Potassium-tert-butoxylate (t-
BuOK, 2 equiv, 182 mg, 1.62 mmol) was added to that solution and stirred 30 min at room temperature (r.t.). The solution of the 
deprotonated ligand was added dropwise to the suspension of [(N6-p-cymene)RuCl2]2 and stirred at rt for 24 h. After adding 
sulfuric acid (H2SO4, 20 ml, 2M) to the solution, the mixture was stirred for 30 min and afterwards extracted with 
dichloromethane (DCM, 3 x 30 mL). The combined organic phases were washed with water (3 x 20 mL) and dried over sodium 
10 sulfate. After filtration and evaporation of the solvent, the crude product was purified with column chromatography. Column 
chromatography mobile phase: DCM - DCM 10:THF 1 – THF. Yield: 190 mg (23.6%) as red crystals. 1H NMR (600 MHz, 
CD2Cl2): R = 1.26 (d, 3JH-H=6.4 Hz, 6H, -cymene-CH-(CH3)2); 2.20 (s, 3H, CH3, -cymene-CH3); 2.64 (s, 3H, -SCH3); 2.83 (sp, 
1H, -cymene-CH-(CH3)2); 5.33 (m, 2H, -cymene:CH3-C-CH-CH-C-CH-(CH3)2); 5.52 (m, 2H –cymene:CH3-C-CH-CH-C-CH-
(CH3)2); 6.71 (s, 1H, =CH); 6.85 (m, 2H, -Ar-o-H); 7.11 (m, 1H, -Ar-m-H); 7.23 (m, 3H, =CH/ -Ar-p-H ); 10.1 (s, 1H, -COH). 
15 13C{1H} NMR (101 MHz, CD2Cl2): R = 17.6 (-SCH3); 18.3 (-cymene-C-CH3); 22.4 (-cymene-CH-(CH3)2); 30.9 (-cymene-CH-
(CH3)2); 83.3 (-cymene:CH3-C-CH-CH-C-CH-(CH3)2); 83.8 (CH3-C-CH-CH-C-CH-(CH3)2); 85.5 (CH3-C-CH-CH-C-CH-(CH3)2); 
85.6 (CH3-C-CH-CH-C-CH-(CH3)2); 100.8 (CH3-C-CH-CH-C-CH-(CH3)2); 102.3 (CH3-C-CH-CH-C-CH-(CH3)2); 109.2 (=CH); 
125.2 (-Ar-m-C); 129.2 (-Ar-o-C); 129.4 (-COH); 156.9 (-Ar-p-C); 178.0 (-ArC1); 187.3 (-C-O-); 207.2 (-C=S). MS (DEI): m/z = 
134, 119, 115, 91, 77, 39, 28. Elemental analysis: calculated for C20H23ClO2RuS2 C: 48.43%; H: 4.67%; S: 12.93%, found: C: 
20 48.33%; H: 4.83%; S: 12.42%.
Crystal structure determination
To obtain single crystals of Compound 1, the sample was dissolved in a DCM solution after addition of a few drop of methanol. 
Crystals were grown by slow evaporation of the solvent. X-ray diffraction data were collected at University of Jena using a 
25 Nonius KappaCCD diffractometer and graphite-monochromated Mo-KU radiation. The intensity data were collected on a Nonius 
KappaCCD diffractometer, using graphite-monochromated Mo-K radiation. Data were corrected for Lorentz and polarization effects; 
absorption was taken into account on a semi-empirical basis using multiple-scans [1-3]. The structure was solved by direct methods 
(SHELXS [4]) and refined by full-matrix least squares techniques against Fo2 (SHELXL-97 [4]). All hydrogen atoms were located by 
difference Fourier synthesis and refined isotropically. All non-hydrogen atoms were refined anisotropically [4]. Crystallographic data and 
30 refinement statistics are reported in Table S1. Details on the structure are in Table S2. A comparison of selected bond lengths and 
angles of Compound 1 with data obtained for the ligand L are reported in Table S3. 
Crystallographic data for Compound 1 have been deposited at the Cambridge Crystallographic Data Centre under the accession code 
CCDC-1476883, They contain the supplementary crystallographic data excluding structure factors; these data can be obtained free of 
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge CB2 
35 1EZ, UK; fax: (+44) 1223-336-033; or deposit@ccdc.cam.ac.uk).
Cytotoxicity
The IC50 values of Compound 1, L and Cisplatin was determined by means of the colorimetric MTT assay (MTT = 3-(4,5-
40 dimethyl-2-thiazolyl)-2,5-diphenyl-2Htetrazolium bromide), CellTiter96 non-radioactive proliferation assay (Promega) [5]. For 
this purpose, cancer cell lines were cultured under standard conditions (5 % CO2, 37 °C, 90 % humidity) in RPMI medium 
supplemented with 10 % FCS, 100 U/ml penicillin and 100 µg/ml streptomycin (Life Technologies, Germany). Cisplatin (Sigma, 
Germany) was freshly dissolved at 1 mg/ml in 0.9 % NaCl solution and diluted appropriately. Compound 1 and L were dissolved 
in dmso. After seeding 5000 cells per well in a 96-well plate cells were allowed to attach for 24h and were incubated for 48h with 
45 different concentrations of the substances ranging from 0 to 500 µM for Compound 1 and 0 to 1000 µM for L tests. Each 
measurement was done in triplicate and repeated 3-times. The proportion of live cells was quantified by the MTT assay and after 
background subtraction relative values compared to the mean of medium controls were calculated. Non-linear regression analyses 
applying the Hill-slope were run in GraphPad 5.0 software. Platinum-resistant A2780 and SKOV3 cells were established by 
repeated rounds of three day incubations with increasing amounts of Cisplatin starting with 0.1 µM. The concentration was 
50 doubled after three incubations interrupted by recovery phases with normal medium. Cells that survived the third round of 12.8 
µM Cisplatin were defined as resistant cultures. Analyzed control samples of non-tumorigenic cells included normal 
keratinocytes, normal fibroblasts and the immortal non-tumorigenic epithelial mammary gland cell line MCF-10A.  Primary 
keratinocytes and fibroblasts were isolated from two individual human foreskins. Cultures of normal cells were used at early 
passages still showing cell proliferation. 
55
UV-Vis absorption spectroscopy
UV-vis spectra of Compound 1 were recorded at room temperature on a Varian Cary 5000 UV-Vis-NIR spectrophotometer using 
1 cm path length cuvette. The spectra were collected in the 240-700 nm range every 1 nm at a scan rate of 600 nm min-1. The 
spectral profile of Compound 1 was analysed under different experimental conditions: in pure DMSO, in a 50% DMSO and 50% 
PBS pH 7.4 solution and in 10 mM sodium citrate, in the absence and in the presene of RNase A (protein to metal ratio 1:3), that 
was the condition used to grow protein crystals.
5 Crystallization, X-ray diffraction data collection, structure resolution and refinement of RNase A-Compound 1 adduct
Crystals of RNase A were obtained as previously described [6]. Crystals of the adduct were obtained by soaking procedure (4 days) as 
described in previous works [7-8]. Briefly, 1 µL solution of Compound 1 dissolved in DMSO was mixed with an equal amount of 
precipitant solution. Then, half of the resulting solution was added to the drop containing crystals of RNase A. After four days of 
soaking, X-ray diffraction data were collected at the CNR Institute of Biostructures and Bioimages, using a Saturn944 CCD detector 
10 equipped with HU X-ray radiation from a Rigaku Micromax 007 HF generator. Crystals were dehydrated [10] and data collection was 
performed without addition of cryoprotectants [9]. Data sets were processed, merged and scaled using Mosflm [11]. Data collection 
statistics are reported in Table S1. 
The structure was solved by molecular replacement method, using protein atoms of chain A from pdb file 1JVT [12] as a starting model 
and the program Phaser [13]. Structure was refined with Refmac5.7 [14]. Model building, addition of ligands and inspection of electron 
15 density maps were performed using Coot [15].  The electron density m,ap is very well definied for all residues of the two molecules in 
the asymmetric unit with exceptions of the regions encompassing residuies 16-22 that are rather disordered in both the two chains. Model 
refines against data to 1.79 Å resolution with Rfactor and Rfree values of 17.9 and 23.6 %. The model was also refined against all the 
data collected with CC1/2>0.3 following the indications of Diederichs and Karplus [16-17], up to 1.51 Å resolution, with Rfactor and 
Rfree values of 17.8 and 23.9 %. However at this resolution the completeness is too low (overal completeness=60.6%), and thus the 
20 model refined and the structure factors at 1.79 Å resolution were deposited in the Protein Data Bank (PDB code 5JLG). Refinement 
statistics are reported in Table S1. Structure validations were carried out using Whatcheck [18]. Final structure has 3 residues in the 
disallowed region of the Ramachandran plot, which correspond to Ser22 and Gln60 in the chain A, Ser16 in the chain B. In the Fo-.Fc 
electron density maps there are just five peaks > 5  uninterpreted. Four out of these peaks could correspond to solvent molecules 
alternative to Compound 1 fragment bound to the protein.
25  
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Table S1. Crystal data and structure refinement for Compound 1.
Compound 1
Empirical formula C20 H23 Cl O2 Ru S2
Formula weight 496.02




Unit cell dimensions a = 22.1070(4) Å
10 b = 11.4122(2) Å
c = 7.9006(1) Å
Volume 1993.24(6) Å3
Z 4
Density (calculated) 1.653 Mg x m-3
15 Absorption coefficient 1.142 mm-1
F(000) 1008
Crystal size 0.042 x 0.038 x 0.012 mm3
 range for data collection 3.27 to 27.49°.
Index ranges -28<=h<=28, -14<=k<=14, -10<=l<=8
20 Reflections collected 13265
Independent reflections 4028 [R(int) = 0.0207]
Completeness to  = 27.49° 99.6 % 
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7456 and 0.6881
25 Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 4028 / 1 / 327
Goodness-of-fit on F2 1.070
Final R indices [I>2sigma(I)] R1 = 0.0149, wR2 = 0.0362
R indices (all data) R1 = 0.0151, wR2 = 0.0364
30 Absolute structure parameter -0.012(18)
Largest diff. peak and hole 0.236 and -0.284 e- x Å-3














































































































































































































Table S4.  Data collection and refinement statistics of the RNase A-Compound 1 adduct
           RNase A-Compound 1 
PDB code 5JLG
Data collection temperature (K) 100
5 Data reduction




10 c (Å) 72.45
M 90.06
Molecules per asymmetric unit 2
Observed reflections 57189
Unique reflections 22643
15 Resolution (Å) 72.47-1.79 (1.83-1.79)
Completeness (%) 78.7 (70.2) 
Rmerge (all I+ and I-) 0.064 (0.242)
Rmerge in top intensity bin 0.047 
Rpim 0.050 (0.238)




number of reflections in working set 16805
25 number of reflections in test set 906
R-factor/Rfree/Rall (%) 17.2/23.6/17.5
Number of residues 2 x 124
Non-H atoms used in the refinement 2373
Mean B-value (Å2) 23.6
30 Ru atom occupancy 0.4, 0.5
Ru atom B-factor (Å2) 27.7, 15.6
Estimated overall coordinate errors
Rmsd bonds (Å) 0.015
Rmsd angles (°) 1.74
35 Ramachandran values (%) from Coot
Preferred region 95.6
Allowed 2.9 (number of residues:6)
Disallowed 1.9 (number of residues:3)


















Figure S1. UV-Vis spectra of 0.3 mM Compound 1 under different experimental conditions followed each 1 h over 24 h. (A) 100 % 
50 DMSO; (B) 50 % DMSO; 50 % PBS pH 7.4. (C) 10 mM sodium citrate pH 5.1; (D) 10 mM sodium citrate pH 5.1, 
protein:metallodrug ratio 1:3; (E) 10 mM sodium citrate pH 5.1, protein:imidazole ratio 1:3;
UV/Vis spectra of Compound 1 in DMSO show an intense peak at 346 nm, a small peak at 296 nm and a shoulder at 457 nm. The 
Compound  experiences a slow red shift of its main band up to 354 nm, accompained by a progressive slow decrease in intensity of 
all bands of the spectrum.
55 UV/Vis spectra of Compound 1 in PBS pH 7.4 show a similar behaviour when compared to the spectra of the compound in DMSO, 
although changes in the spectra are less pronounced. Peaks are observed at 295 nm and at 345 nm. Shoulder at 450 nm. 
UV/Vis spectra of Compound 1 in sodium citrate pH 5.1 show an intense peak at 342 nm, a small peak at 293 nm and a shoulder at 450 
nm. Within 24 h, the complex experiences a red shift of its major band up to 346 nm and a blue shift of the band at 293 nm which 
disappears upon 24 h and of the shoulder to 431 nm. The observed spectral changes are different in the presence of the protein. In 
fact, Compound 1 spectra in the presence of RNase A show a major peak at 346 nm and a very small peak at 457 nm that decrease 
5 their intensity with time. The peak at 293 nm is overlapped with that of the protein at 280 nm. After 24 h a red shift of the band at 




Figure S2. UV-Vis spectra of 1 mM Compound 1 in 90% PBS at pH 7.4, 10% DMSO, 1M NaCl, followed each 1 h over 24 h. These 














Figure S4. Hydrolysis of yeast RNA (evaluated by measuring the variation of absorbance at 300 nm as function of time upon addition of 
5 the protein to the yeast RNA sample) by RNase A (black) and its adducts with Compound 1. Catalytic  activity  of  RNase A in the 
presence of Compound 1 at different protein to metal ratio was determined spectrophotometrically by using the Kunitz assay [19]. 
0.5  mg x mL-1  of  RNA  and enzyme concetration =0.1 mg x mL-1 were used in  50 mM  sodium  citrate  buffer  pH  5.1,  at  298  K. 
Spectrophotometric measurements were performed with a Jasco spectrophotometer. Experiments have been performed after 24 h of  
incubation. Protein remains well active in the presence of the compound.












Figure S5. Compound 1 binding site in RNase A-Compound 1 adduct showing the Ru centre bound to His105. Anomalous electron 







Figure S6. Details of Compound 1 binding site in molecule A of RNase A-Compound 1 adduct showing the Ru centre bound to His105. 
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Platinum(II) O,S complexes as potential
metallodrugs against Cisplatin resistance†‡
Jana Hildebrandt,a Norman Häfner,b Helmar Görls,a Daniel Kritsch,b Giarita Ferraro,c
Matthias Dürst,b Ingo B. Runnebaum,*b Antonello Merlino*c,d and Wolfgang Weigand*a
We report on platinum(II) complexes with diﬀerent cinnamic acid derivatives as ligands with cytotoxic
activity against Cisplatin resistant ovarian cancer cell line subcultures of SKOV3 and A2780. A typical
mechanism of action for platinum(II) complexes as Cisplatin itself is binding to the DNA and inducing
double-strand breaks. We examined the biological behavior of these potential drugs with 9-methyl-
guanine using NMR spectroscopic methods and their DNA damage potential including γH2AX-foci ana-
lyses. X-ray diﬀraction methods have been used to elucidate the molecular structures of the platinum(II)
complexes. Interactions with the model protein lysozyme have been evaluated by diﬀerent techniques
including UV-Vis absorption spectroscopy, ﬂuorescence and X-ray crystallography.
Introduction
Cisplatin was first synthesized by Michele Peyrone in 1845 and
its square planar configuration was demonstrated by Alfred
Werner ca. 50 years later.1–4 Its mechanism of action results in
binding to the DNA, especially guanine, introducing strand
crosslinks and causing DNA breaks during replication in pro-
liferating cells (Fig. 1). This results in an arrest of the cell cycle
and apoptosis of the aﬀected cells as one of the main
eﬀects.5–10 After intravenous application of the drug, delivery
into the cells can be achieved by active transport via a copper
transporter or by passive diﬀusion.11–13
The lower intracellular chloride concentration compared to
blood plasma leads to ligand exchange reactions, in which the
chlorido ligands of Cisplatin are substituted by aqua ligands.14
This reaction generates active platinum(II) species being able
to bind to the DNA (Fig. 1).15,16 Nevertheless, there are certain
drawbacks in the anticancer therapy using Cisplatin:17–27
• low selectivity of this drug for tumor cells, resulting in
severe side eﬀects;
• binding to extracellular albumin that leads to inactivation
of the drug;
• activity of DNA repair mechanisms may destroy the DNA
Cisplatin adduct;
• further principles of drug resistance of tumor cells.
The drug resistance, especially if caused by p-glycoprotein,
is a major problem in treating diseases by pharmacological
therapy.28,29 Moreover, it has been shown that epigenetic
changes in the cancer cells, if treated with sublethal concen-
trations of Cisplatin may contribute to the resistance pheno-
type.30 All resistance mechanisms result in the lowering of
Cisplatin eﬀects and, in most cases, reduce the eﬃcacy of a
second treatment using Cisplatin. To solve these problems
many substances of biological or synthetic origin were investi-
gated concerning their use in cancer therapy. Targeted thera-
peutics oﬀers an increased selectivity, but they are only suitable
for specific cancers harboring the target. For other types of
cancer, especially those that occur rarely, the use of Cisplatin is
still the best way to treat them. It is noteworthy that even more
selective drugs can lose their selectivity by changes in the
genetic material of the tumor or of the tumor environment.21,26
This work deals with the design of platinum(II) based drugs
to circumvent Cisplatin resistance. One problem that has to be
solved is the inactivation of Cisplatin by binding to sulfur-
containing molecules like albumin in blood plasma. It is known
that platinum(II) exhibits a high aﬃnity to sulfur atoms in
organic molecules.20,31,32 By binding to these sulfur sites, the
drug molecules are excreted before they can bind to the DNA or
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even before they can pass the cell wall. For this reason, there is a
necessity to investigate the interactions of new platinum based
drugs with proteins as well as the interactions with the DNA.33
Diﬀerent types of β-hydroxy-dithiocinnamic acid derivatives
were used as ligands. The properties of this class of compounds
can be modified by changing the substitution pattern as well as
the chain length of the alkyl substituent. As substituents for the
aromatic moiety, hydroxy and methoxy groups were used to vary
the polarity of the ligand as well as of the platinum(II) complex.
To investigate the eﬀect of Cisplatin resistance, the cytotoxic
activity of all compounds (β-hydroxy dithiocinnamic acid deriva-
tives and the corresponding platinum(II) complexes) was tested
with normal and Cisplatin resistant cell lines.
Fig. 2 shows the used β-hydroxy dithiocinnamic acid deriva-
tives and their corresponding platinum(II) complexes. Ligands
L1–L12 can be found in the literature, but their cytotoxic
eﬀects have not been determined until now.33–39 Platinum(II)
complexes Pt7–Pt12 have been reported earlier, and this work
presents the biological significance of these compounds
depending on their antitumor activity for the first time and
reinvestigates what has been reported earlier.33,40
Results and discussion
Synthesis
Cinnamic acid derivatives L1–L12 were synthesized according
to the modified literature methods.34,37–39 A general pathway is
shown in Scheme 1.
Fig. 1 Behavior of Cisplatin after i.v. application: extracellular inactivation via binding to proteins (like albumin), active transport via a copper trans-
porter (CTR1) or passive diﬀusion into the cell and activation inside depending on lower Cl− concentration [Cl−] to cationic aqua species which bind
to genomic DNA.4–12
Fig. 2 Scheme of synthesized ligands and platinum(II) complexes and their substance codes with new platinum(II) complexes Pt1–Pt6.
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For the synthesis of the platinum(II) complexes (Scheme 2)
two pathways diﬀering in the amount of t-BuOK can be
applied. In the absence of an aromatic –OH substituent one
equivalent is used to deprotonate the cinnamic acid derivative.
This intermediate is reacted with an in situ generated
K[PtCl3(dmso)] complex (prepared from K2PtCl4 and
dmso).33,40–43 In the presence of an aromatic –OH substituent
the use of two equivalents of a base results in a higher yield of
the desired platinum(II) complexes. This pathway needs an
additional protonation step in the end.
Molecular structures
Platinum(II) complexes Pt1–Pt3, Pt5–Pt7, Pt9 and Pt10 as well
as ligands L1 and L7 were characterized by means of single
crystal X-ray structure determination, whereas the molecular
structures of Pt12, L3, L8 and L11 are already known.32,36,43
For compounds Pt2, Pt3, Pt6, Pt9 and L7 there are at least two
independent molecules in their unit cells, but just one is
shown. Bond lengths and angles are very similar for the mole-
cules in a unit cell so that only one molecule is discussed
below. All molecular structures are displayed in the ESI
(Fig. S1‡), Fig. 3 shows an example of Pt1 and Pt7.
In Fig. 4 selected bond lengths and angles of the ligands L1
and L7 are presented. Both compounds oﬀer a cis enol con-
figuration due to their intramolecular hydrogen bonding
between the OH group and the adjacent thiocarbonyl moiety.
Ligand L1 displays a OH⋯S distance of 2.08 Å, which is quite
similar to that of ligand L7 with 2.05 Å. These results confirm
data that were reported earlier.36,43 The C(1)–S(1) distance is a
bit longer than that of a typical –CvS double bond (1.61 Å),
C(2)–C(3) shows a typical double bond character, whereas the
C(1)–C(2) distance is typical of a single bond. The bond
lengths C(3)–O(1) are determined as 1.334(3) for L1 and 1.3308(6)
for L7. For the meta hydroxy substituted ligand L7 the for-
mation of intermolecular hydrogen bondings can be assumed
(2.77 Å for molecule A, 2.74 Å for molecule B) (Fig. 5).
Furthermore in the molecular structure of L1 an interaction of
the methoxy substituent and the methine proton can be
detected, which is expressed by a short distance (2.33 Å) of the
oxygen atom of the methoxy-group and the methine proton.
This proves an intramolecular interaction which results in a
low field shift of the resonance signal of the methine proton
in the 1H NMR spectra in contrast to other β-hydroxy dithio-
cinnamic acid alkyl esters. Due to the steric demand of the
Scheme 2 Reagents and conditions: (a) (i) 1 equiv. t-BuOK, THF, rt,
0.5 h; (ii) 1.1 equiv. K[PtCl3(dmso)], rt, H2O/THF, 96 h; (b) (i) 2 equiv.
t-BuOK, THF, rt, 0.5 h; (ii) 1.1 equiv. K[PtCl3(dmso)], rt, H2O/THF, 96 h;
(iii) H2SO4/H2O, rt, 0.5 h.
Scheme 1 Reagents and conditions: (a) (i) 2 equiv. imidazole, 1 equiv.
TBDMS, DMF, rt, 24 h; (ii) H2O/NaHCO3; (b) (i) 2 equiv. t-BuOK, Et2O,
−70 °C, 0.5 h; (ii) 1.4 equiv. CS2, −70 °C, 1 h; (iii) rt, 1.5 h; (iv) 1 equiv.
Alk-I, rt, 24 h; (v) H2SO4/H2O, rt, 0.5 h; (c) (i) 2 equiv. TBAF, THF, rt, 72 h;
(ii) H2SO4/H2O, rt, 0.5 h.
Fig. 3 Molecular structures (50% probability) of Pt1 (left) and Pt7 (right).
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meta-methoxy substituent in L1 a torsion angle between the
aryl ring and the planar enol moiety (C3/C2/C1/O1/S1/S2/C10)
of 29° is detected, whereas in L7 the same angle was deter-
mined as 4° (Fig. 5).
The bond lengths and angles in the platinum(II) complexes
Pt1–Pt3, Pt5–Pt7, Pt 9 and Pt10 are in good agreement with the
values reported earlier.33 The platinum(II) center shows a dis-
torted square planar environment with L–Pt–L angles of
around 90° (see also Fig. 3 and Table 1). The dmso coordi-
nation of cis to the sulfur atom of the bidendate O,S-ligand is
because of the π-donor-function of the sulfur atom. The bond
lengths of platinum (here for example Pt7) and their four
neighboring atoms are decreasing in the order of Cl(1)–Pt(1)
(2.347(2)) > S(1)–Pt(1) (2.234(2)) ≈ S(3)–Pt(1) (2.189(2)) > O(1)–
Pt(1) (2.014(6)). Moreover, the angles of these coordination
spheres are in the range of 90°. The bond lengths of the
oxygen substituted moiety at the aromatic ring O(2)–C(9/8/7)
are in the same range.
Table 2 shows torsion angles (aryl planes and C(1)–C(2)–
C(3) planes) which are resulting from the steric claim of
diﬀerent substitution patterns at the aromatic ring. The values
show clearly that the smallest angle can be observed in the
case of the para substituted molecules.
Coordination of all O,S-chelating ligands to platinum(II)
results in the elongation of the C(1)–S(1) bond and shortening
of the C(3)–O(1) bond. This tendency can also be observed in
13C{1H}-NMR spectra resulting in a high field shift of the
signal of the –CvS-resonance and a low field shift of the
–C–O-group. For Pt1 an interaction between the methoxy
group and the methine proton is observed as for L1. The short
O(2)–H(2) distance of 2.20 Å is indicative of the intramolecular
relationship in these ortho substituted molecules.
Fig. 4 Molecular structures (50% probability) of L1 (left) and L7 (right) with speciﬁc bond angles [°] and bond lengths [Å].
Fig. 5 Left: molecular packing of L7, intermolecular hydrogen-bonding; right: steric demand of the methoxy-group resulting in non-planarity be-
haviour of L1 (top) in comparison with the planar molecule L7 (below).
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The molecular structure of L7 reveals that the four mole-
cules are connected through the four hydrogen bonds forming
an almost perfect square Pt10 is able to form an inter-
molecular hydrogen bonding system (Fig. 6). In the crystal
there is a short contact between the hydroxy-group of one
molecule and the oxygen of the dmso ligand of another mole-
cule with a O–O distance of 2.73 Å.
Spectroscopic characterization
All compounds were characterized by NMR spectroscopy, mass
spectrometry and elemental analysis (see Experimental part).
The chemical shifts in 1H NMR and 13C{1H} NMR spectra for
ligands L1–L12 are in good agreement with the values reported
earlier, Table 3.37 Interestingly the interaction between the
ortho methoxy substituent and the methine proton that was
found in the molecular structure of L1 can also be detected in
the 1H NMR spectrum. The resonance signal of this proton is
shifted to a low field compared to those resonances of all
other ligands, in which such interactions are not possible due
to steric reasons. Another characteristic resonance signal in
the 1H NMR spectra of this class of compounds is caused by
the enolic OH group and can be observed in some cases at very
low frequencies at around 15 ppm. This also indicates the
intramolecular hydrogen bondings to the sulfur atom of the
thiocarbonyl moiety.
Specific shifts of 13C{1H} NMR and 1H NMR resonance
signals observable for the platinum(II) complexes are shown in
Table 3. After complexation of the ligands via oxygen and
sulfur atoms to platinum(II) the enolic OH signals in the 1H
NMR spectra disappear. Interestingly the signals of the
methine protons are shifted to low frequencies as a result of
their complexation to platinum(II). In the 13C{1H} NMR spectra
the 13C signal of the –CvS group can be observed at high fre-
quencies for the platinum(II) compounds compared to those of
the ligands. The protons of the dmso ligand are observed as a
singlet accompanied by 195Pt satellites in the 1H NMR spectra.
The averages for these signals, which are presented with
respect to the carbon side chains are shown in the ESI
(Table S2‡).
Mass spectra are in agreement with earlier reported
results.33,37,40
Stability determination
The stability of compounds Pt7 and L8 in dmso as a solvent
was determined using 1H NMR spectroscopy. For biological
testing compounds were dissolved in dmso (see Experimental
part). Fig. 7 shows exemplary aromatic signals for compound
Table 1 Speciﬁc bond angles [°] and bond lengths [Å] for all character-
ized platinum(II) compounds
Pt1 Pt2 Pt3 Pt5
O(1)–Pt(1) 2.015(7) 1.985(10) 1.998(3) 2.007(4)
S(1)–Pt(1) 2.251(6) 2.251(3) 2.2556(13) 2.2520(14)
Cl(1)–Pt(1) 2.347(6) 2.338(3) 2.3595(13) 2.3463(13)
S(3)–Pt(1) 2.195(6) 2.198(3) 2.1846(12) 2.1934(14)
O(1)–C(3) 1.274(3) 1.282(18) 1.283(6) 1.287(7)
S(1)–C(1) 1.710(3) 1.690(14) 1.694(5) 1.701(6)
O(2)–C(9/8/7) 1.363(3) 1.298(17) 1.355(6) 1.368(7)
O(1)–Pt(1)–S(3) 175.10(5) 174.9(3) 174.44(11) 175.75(12)
S(3)–Pt(1)–Cl(1) 91.20(2) 90.05(12) 89.98(5) 89.84(5)
Cl(1)–Pt(1)–O(1) 84.13(5) 85.3(3) 84.48(11) 84.91(12)
S(1)–Pt(1)–S(3) 89.51(2) 89.10(13) 90.11(5) 89.84(5)
Pt6 Pt7 Pt9 Pt10
O(1)–Pt(1) 2.003(5) 2.014(6) 2.017(3) 2.011(4)
S(1)–Pt(1) 2.2521(17) 2.234(2) 2.2439(10) 2.449(13)
Cl(1)–Pt(1) 2.3430(17) 2.347(2) 2.3520(10) 2.3359(13)
S(3)–Pt(1) 2.1865(17) 2.189(2) 2.1900(10) 2.1985(13)
O(1)–C(3) 1.280(8) 1.278(11) 1.284(5) 1.286(7)
S(1)–C(1) 1.700(7) 1.704(9) 1.700(4) 1.696(6)
O(2)–C(9/8/7) 1.361(8) 1.362(12) 1.351(6) 1.362(7)
O(1)–Pt(1)–S(3) 174.14(15) 174.97(19) 176.34(9) 175.11(11)
S(3)–Pt(1)–Cl(1) 90.08(6) 90.21(7) 90.96(4) 90.48(5)
Cl(1)–Pt(1)–O(1) 84.28(14) 85.96(17) 85.77(8) 84.99(11)
S(1)–Pt(1)–S(3) 89.63(6) 88.77(8) 87.96(4) 88.62(5)
Table 2 Torsion angles: angles between the aryl planes and C(1)–C(2)–
C(3) planes in dependence of the substitution pattern
Pt1 Pt2 Pt3 Pt5 Pt6 Pt7 Pt9 Pt10
Torsion angle 30° 24° 17° 35° 7° 21° 31° 16°
Fig. 6 Intermolecular hydrogen-bonding observed in the crystals of Pt10.
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Pt7 from the start point (blue) and after 48 hours (red). It was
observed that all compounds are stable under these conditions
(for L8: Fig. S2 in the ESI‡).
However, since it is well known that the behavior of metal
based drugs in organic solvents like dmso could be diﬀerent
when compared to that observed in the solutions used for bio-
logical studies, the stability of the platinum complexes studied
here was assessed also in aqueous solutions (from 10 to 100%
dmso) using UV–Vis absorption spectroscopy.44 In particular,
the spectra of the compounds Pt1–Pt6 were collected at t = 0 h
and after 24 h. Analyses of the spectra show that the com-
pounds Pt1–Pt6 with the exception of Pt2, are highly stable in
pure dmso (Fig. S3A‡), and rather stable in 70–90% dmso. The
reason why Pt2 is not so stable in pure dmso is unknown. On
the contrary, they are less stable at low dmso concentrations
(Fig. S3C‡). For example Pt1 is stable in 70–90% and pure
dmso, in agreement with NMR data, whereas it presents a sig-
nificant decrease in the intensity of the UV-Vis absorption
bands after 24 h in aqueous solutions with dmso ranging from
10 to 60%. This decrease is coincident with the precipitation
of the sample.
The stability of Pt complexes Pt1–Pt6 was also assessed in a
saline solution (0.9% NaCl, 1% < [dmso] < 2%), and in the
reference physiological buﬀer solution (10 mM PBS, pH 7.4)
(Fig. S4‡). Under these experimental conditions, these com-
plexes seem only marginally stable, since they rapidly precipi-
tate, as occurs in aqueous solutions containing low dmso
concentrations. These findings indicate that under these
experimental conditions the integrity of the compounds could
be compromised.
DNA-binding behavior
The cytotoxic behavior of Cisplatin and its analogues is a
result of binding to DNA bases, i.e. guanine, influencing the
DNA structure and causing DNA damage during genome repli-
cation. The preferred binding position is N7 of guanine
because of a stabilization eﬀect via hydrogen-bonding of the
Cisplatin –NH3 group and the –CvO-group of the DNA base
(Fig. 8).5,31 As shown in Fig. 1, the mechanism of activation
contains a ligand-exchange of the chlorido ligands. Using 1H
NMR spectroscopy the binding properties of a 3.23-fold stoi-
chiometric excess of the model base 9-methylguanine to plati-
Table 3 Speciﬁc signals in NMR spectra of L1–L12 and Pt1–Pt12 in ppm
1H NMR
L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12
Pt1 Pt2 Pt3 Pt4 Pt5 Pt6 Pt7 Pt8 Pt9 Pt10 Pt11 Pt12
–C–OH 15.08 15.21 15.21 15.18 15.21 15.09 15.14 15.20 15.02 15.16
–C–H 7.20 6.97 6.98 7.23 6.91 6.91 6.96 6.88 6.91 6.91 6.89 6.90
7.35 7.35 7.04 7.35 7.06 7.07 7.15 7.16 7.15 7.16 7.28 7.27
3C{1H} NMR
L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12
Pt1 Pt2 Pt3 Pt4 Pt5 Pt6 Pt7 Pt8 Pt9 Pt10 Pt11 Pt12
–C–OH 167.6 169.1 169.6 167.8 169.4 169.9 169.3 169.2 169.6 170.1 169.2 169.4
–C–C–H 112.9 112.9 107.1 112.8 112.9 106.8 113.8 106.8 113.8 106.9 107.8 107.7
116.3 112.9 111.0 116.5 112.9 111.0 110.8 109.9 111.0 110.3 111.6 111.8
–CvS 217.2 217.3 215.7 216.3 217.3 214.9 217.8 215.8 217.1 215.2 217.3 216.3
199.0 180.9 177.9 199.0 177.6 177.9 177.6 178.7 196.8 177.6 177.6 181.5
Fig. 7 Stability determination of Pt7 using 1H NMR spectroscopy, conditions: 600 MHz, 37 °C, dmso-d6. Blue: ﬁrst measurement (starting point),
red: after 48 h. All compounds are stable under these conditions.
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num(II) compounds should be investigated. As shown in Fig. 7,
platinum(II) complexes are stable under these conditions, so
all changes in the NMR spectra result from the interactions
with the model base. This NMR spectroscopic experiment
carried out for compound Pt7 and monitored over 24 h at
37 °C in dmso-d6 showed significant changes in the spectra.
After 24 h, the 1H NMR spectra show in the aromatic region
that a new compound is generated slowly, which can be seen
by the occurrence of a new set of proton signals for the
methine proton as well as for all aromatic protons. The spectra
show after 24 h a second proton group high field shifted (red
spectrum, 0.05 ppm) compared to the signal set at t = 0 h (blue
spectrum). In contrast, a down field shift (red spectrum) can
be observed for the methine proton of Pt7 after 24 h. These
results give hint for a successful reaction of Pt7 with 9-methyl-
guanine; however, it seems that the reaction is slow and not
completed after 24 h.
Biological behavior
A further aim of our investigations was to characterize all of
these compounds for their cytotoxic activity against a panel of
cell lines enabling an understanding of the structure–activity
relationship. The used cell lines diﬀered in their sensitivity
against Cisplatin. Therefore candidate platinum(II) complexes
potentially eﬀective against Cisplatin resistant cells could be
identified.
The analyzed ligands as well as platinum(II) complexes
exhibit a low solubility in water independent of the ligand
structure. DMSO is used as a solvent for preparation of a
dilution series in cell culture experiments. The toxic influence
of a range of dmso concentrations was measured via MTT
assay under identical conditions as for substance tests (Fig. 9).
The results show that concentrations of dmso down to 1%
have high cytotoxic eﬀects. Therefore a dmso concentration as
low as possible to reach the required Pt(II) complex concen-
tration was used in the experiments and was identical for each
substance and concentration (0.5% dmso in cell culture
media). To exclude side eﬀects from this dmso concentration
all IC50 determination experiments used 0.5% dmso as refer-
ence samples. Additional experimental conditions can bias
cell cultivation based IC50 determinations, i.e. cell density, cul-
tivation time and drug exposure time influence measured
eﬀects. High cell numbers (>5000 cells per well in 96-well
plate) combined with long cultivation times (>72 h) may result
in the inhibitory eﬀects on cell proliferation for samples with a
low drug concentration and for control cells. Importantly any
bias for cells even treated with drug concentrations diﬀerent
from IC50 will aﬀect IC50 determination because regression
analyses will probe all data. Thus we measured the drug
eﬀects for 48 h exposure time after 24 h seeding of 5000 cells
per well resulting in unsaturated cell density and absorbance
measurements for untreated cells (data not shown). Both con-
stantly low dmso concentrations and controlled cultivation
procedures represent important improvements in comparison
with earlier data.33,40 Detailed experimental procedures are
described in the Experimental part.
The tested cell line panel consisted of A549 (lung cancer)
and two pairs of isogenic ovarian cancer cell lines with
diﬀerent Cisplatin sensitivity.30
Resistant ovarian cancer cells derived from A2780 and
SKOV3 exhibited a 4.7 and 3.6 times higher IC50 value for
Cisplatin, respectively. These cell cultures were established by
repeated rounds of incubation with increasing Cisplatin con-
centrations starting with non-lethal concentrations.30 Table 4
shows that the new substances show cytotoxic activity against
Fig. 9 Inﬂuence of dmso depending on % per well for each cell line.
Fig. 8 DNA-binding behaviour of Pt7 with model base 9-methylguanine shows formation of a new compound after 24 h, 37 °C, 600 MHz, dmso-
d6; blue: start of measurement, red: after 24 h.
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all cell lines, not only for ovarian carcinoma cell lines SKOV
and A2780. Determination for all pairs of ligands and plati-
num(II) complexes proves that dithiocinnamic acid derivatives
show low cytotoxic behavior itself and corresponding platinum(II)
complex elevated cytotoxicity. It can be concluded that the
increased cytotoxic behavior of platinum(II) complexes is a
result of the metal itself. An exception seems to be the cell line
A2780cis exhibiting IC50 values similar between some ligands
and their complexes (Table 4). Moreover a significant but weak
correlation was identified between the IC50 of the ligand and
the complex (Pearson correlation coeﬃcient 0.301; p < 0.01;
Fig. 10).
Thus a limited part of the platinum(II) complexes activity
maybe directly contributing to the ligand properties. One aim
of the present study was to analyze structure–activity-relation-
ships (SAR). The two structures within the analyzed ligands
were systematically changed to vary complex properties (substi-
tuent at the benzyl ring (–R) and the alkyl-chain at the sulfur
residue (–Alk)). Plotting the IC50 values for all substances of
each cell line in the order of increasing mean IC50 enabled the
identification of SAR (Fig. 11). Interestingly most active com-
plexes exhibited an increased polarity of –R (–OH > –OCH3 > –H)
but increased lipophilicity at the alkyl chain (Et > Me). The
exceptional cases of ortho-OCH3 may be explained by intra-
molecular interactions between the methoxy group and the
methine proton influencing the complex structures (see the
molecular structures section). The increased activity of com-
plexes with longer alkyl chains confirms earlier studies.33,40
Nevertheless diﬀerences in the mean IC50 were small and the
substances exhibited cell line specific activities (i.e. Pt9,
Fig. 11). Interestingly, we did observe an inverse association
between the platinum(II) complex stability and the cytotoxic
activity. Pt1 exhibiting a lower stability in aqueous solutions
showed a higher cytotoxicity than Pt4 (Fig. 11, Table 4).
Nevertheless the general impact should be determined in the
in vivo situation taking eﬀects of the bioavailability into
account.
The second aim was to test new platinum(II) complexes on
Cisplatin-resistant cell lines to evaluate the possibility to over-
come the resistance phenotype. The two most active platinum(II)
complexes (Pt9, Pt10) showed an increased or at least equal
cytotoxic activity against the Cisplatin-resistant ovarian cancer
cell lines (Table 4). Moreover the activity was similar or even
higher against the resistant cell lines in comparison with the
parental cells. Calculated resistance factors between parental
and resistant ovarian cancer cell lines (Table 4) illustrate clear
diﬀerences between Cisplatin and some of the new platinum(II)
complexes (i.e. RF Cisplatin 4.7 and 3.6; Pt9 1.0 and 0.4 for
A2780 and SKOV3, respectively). These data let us assume that
the mechanism of action is diﬀerent between the new com-
pounds and Cisplatin. Moreover, a diﬀerent kinetic cannot be
excluded and is already seen within the guanine binding
studies (see the DNA bonding behavior section). Albeit we
detected a high cytotoxic activity of the new complexes in vitro
an inactivation mechanism by binding to the tripeptide gluta-
thione could not be excluded – for more information see the
ESI (Fig. S10‡). To gain insights into the mode of action we
exemplarily analyzed Pt9 and Pt10 for the induction of DNA
damage in the ovarian cancer cell line pairs in two indepen-
dent experiments. Cells were incubated with IC50 concen-
trations of the resistant cell culture of A2780 or SKOV3 for
24 hours on cover slips. Afterwards cells were washed, fixed
and antibody-stained for γH2AX histone. Nuclear foci of
γH2AX are indicative of dsDNA break regions.45 Cisplatin
Fig. 10 Correlation of ligand and platinum(II) complex IC50 values in all
cell lines. The weak but signiﬁcant correlation (Pearson r = 0.301, p <
0.001) is depicted by the regression line.
Fig. 11 Structure activity relationship for analyzed platinum(II) complexes. Substances were ordered with increasing mean IC50 values.
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induced DNA damage and γH2AX foci formation clearly corre-
late with the cytotoxic eﬀects (Fig. 12). Resistant cells showed
decreased numbers of γH2AX foci. SKOV3 cells that are more
resistant to Cisplatin than A2780 as illustrated by diﬀerent
IC50 values of 13.5 μM and 6.1 μM for the resistant cells,
respectively, can tolerate increased γH2AX foci. The amount of
γH2AX foci after treatment with Pt9 or Pt10 was much lower in
comparison with the Cisplatin treatment despite the fact that
all the substances were used with IC50 concentrations (Fig. 12).
Therefore a diﬀerent mode of action for the new platinum(II)
complexes is likely and may include non-genomic targets.
Otherwise it cannot be excluded that the platinum(II) com-
plexes show diﬀerent kinetic behavior or target DNA diﬀerently
from Cisplatin leading to other DNA damage responses not
including γH2AX.
In conclusion, platinum(II) complexes were proven to
exhibit cytotoxic activities partially correlated to the ligand pro-
perties. The small diﬀerences in mean IC50 values enable a
selection of the best candidates with both cytotoxic activity
and superior bioavailability in future experiments (i.e. in vivo).
Furthermore, a high activity was detected for some substances
against Cisplatin-resistant cell lines. Additional experiments
will clarify the underlying mode of action for these platinum(II)
complexes. If general diﬀerences to Cisplatin can be
detected the eﬃcacy of a combination treatment should be
evaluated.
Interactions with proteins
Previous data show that the here investigated compounds
show cytotoxic activity, especially Pt9 and Pt10 circumvent
Cisplatin resistance (Table 4) but show decreased DNA damage
(Fig. 12). For this reason the discovery of other targets for their
mechanism of action is necessary. The interaction of metallo-
drugs with proteins is very important, since it aﬀects their
pharmacokinetics, toxicity and tissue distribution. The
binding of metal-based drugs with transferrin for example is
directly involved in the transport of drugs into the cell. We
have already demonstrated that compounds Pt7 and Pt9 are
able to bind the model protein hen egg white lysozyme
(HEWL) and the X-ray structure determinations of the adducts
forming upon drug–protein interaction have been deter-
mined.40 The structures demonstrate that the compounds can
act as monofunction drugs, retaining a dmso ligand upon
macromolecule binding. To further characterize the binding
Fig. 12 Detection of γH2AX foci in parental and Cisplatin resistant A2780 (A) and SKOV3 (B) after mock treatment or incubation with Cisplatin, Pt9
or Pt10 at IC50 concentrations for the resistant cells. Identical results were obtained in an independent experiment.
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properties of the compounds here studied with proteins, we
have investigated the reactivity of compounds Pt1–Pt6 with
hen egg white lysozyme (HEWL), a protein that is very fre-
quently used as a prototype for protein metalation studies.46,47
First, fluorescence spectra of HEWL in the presence of
diﬀerent concentrations of the platinum complexes were col-
lected. Intrinsic fluorescence of HEWL arise from the intrinsic
structural features of the protein and is mainly due to the pres-
ence of six tryptophan residues. Fig. S5 and S6‡ show the
modifications to the fluorescence emission of HEWL, upon
excitation at 280 and 295 nm, respectively, when the Pt1–Pt6
concentrations were increased. The binding of the drugs to the
protein induces a significant quenching of the emission.
Diﬀerences in the fluorescence quenching are probably related
to diﬀerent solubility of the samples rather than to diﬀerences
in the binding properties of the compounds.
Finally, to identify the type of interaction that occurs
between HEWL and the Pt compounds we have tried to obtain
structural information on the adducts formed by the protein
with Pt1–Pt4 by X-ray crystallography. Attempts to crystallize
the adducts formed upon the binding of the compounds to
the protein under the same conditions used to crystallize the
HEWL–Pt7 and HEWL–Pt9 adducts failed.40 This is probably
due to the lower solubility of Pt1, Pt2, Pt3, and Pt4 in ethylene
glycol when compared to the compounds Pt7 and Pt9, which
present a-OH in the meta position. Thus, the reactivity of the
compounds with HEWL was explored under diﬀerent experi-
mental conditions and the structures of some adducts formed
in the presence of concentrated NaCl solutions were solved
(see ESI Fig. S7–S9‡). Under these experimental conditions Pt
compounds degrade and the products of this degradation
react with the protein forming an adduct with a Pt atom
bound to an ND1 atom of a His15 side chain (see for example
Fig. S8‡), as in the case of many Pt compounds, including
Cisplatin, Pt7 and Pt9 (see the ESI‡ for further details).40,48–51
Conclusion
The mechanism of action for the standard drug Cisplatin is
realized by DNA binding and induction of replicative stress
resulting in DNA damage. This mechanism can be disturbed
especially by the activity of DNA repair mechanisms and also
other mechanisms ending in the resistance of cancer cells. To
circumvent Cisplatin resistance by the use of an eﬀective Pt(II)
pharmacophore was one aim of this work. Diﬀerent ligands
with varying properties and corresponding Pt(II) complexes
were tested on several cell lines. The results show that the
platinum(II) center is necessary for an eﬀective anticancer
activity. An examination of the mechanism of action shows
that the typical DNA-binding behavior of Cisplatin and ana-
logues and the induction of the DNA damage are decreased for
the new Pt(II) complexes. Nevertheless some compounds have
a high activity against Cisplatin resistant cell lines.
In summary, this work presents new platinum(II) complexes
with O,S-bidendate ligands which are well characterized by
diﬀerent analytical techniques, especially with X-ray structure
determinations. These complexes show cytotoxic activity par-
tially overcoming Cisplatin resistance of cell lines which may
be explained by a diﬀerent mechanism of action – specifically
the bonding to proteins.
Experimental part
Materials and techniques
All reactions were performed using standard Schlenk and
vacuum-line techniques under a nitrogen atmosphere. The
NMR spectra were recorded with a Bruker Avance 200 MHz,
400 MHz or 600 MHz spectrometer. Chemical shifts are given
in ppm with reference to SiMe4. Mass spectra were recorded
with a Finnigan MAT SSQ 710 instrument. Elemental analysis
was performed with a Leco CHNS-932 apparatus. Silica gel 60
(0.015–0.040 mm) was used for column chromatography and
TLC was performed using Merck TLC aluminium sheets (Silica
gel 60 F254). Chemicals were purchased from Fisher Scientific,
Aldrich or Acros and were used without further purification.
All solvents were dried and distilled prior to use according to
standard methods.
Synthesis
General procedure 1: platinum(II)-complexes with β-hydroxy
dithiocinnamic acid alkyl esters, chlorido and dmso as ligands
(Pt1–Pt12). Pathway A: β-hydroxy dithiocinnamic acid alkyl
ester (1 equiv.) was dissolved in tetrahydrofurane (THF, 20 ml)
and t-BuOK (1 equiv.) was added to the solution and stirred for
one hour at room temperature. Potassium tetrachloroplatinate
(K2PtCl4, 1.1 equiv.) was dissolved in degassed water (10 ml)
and dimethylsulfoxide (dmso, 2 equiv.) was added, the
mixture was stirred for 30 minutes at room temperature. The
solution of the deprotonated ligand was added dropwise to the
suspension of the platinum complex and stirred at room temp-
erature for 4 days. After adding water (25 ml) to the solution,
the mixture was extracted with dichloromethane (DCM, 3 ×
30 ml), the combined organic phases were washed with water
(3 × 20 ml), dried over sodium sulfate and after filtration and
evaporation of the solvent the crude product was purified with
column chromatography. Pathway B: the experimental pro-
cedure is similar to pathway A, for deprotonation 2 equiv. of
t-BuOK was used. Before extracting with DCM, sulfuric acid
(20 ml, 2 M) was added and the mixture was stirred for one




Synthesis was performed according to general procedure 1,
pathway A. L1 (367 mg, 1.53 mmol) was dissolved in THF and
t-BuOK (172 mg, 1.53 mmol) was added. K2PtCl4 (700 mg,
1.69 mmol) was dissolved in water and dmso (220 μL,
3.07 mmol) was added. Column chromatography mobile
phase: DCM 4 : hexane 1–DCM–acetone. Yield: 520 mg (62.1%)
as red crystals. 1H NMR (600 MHz, acetone-d6): δ = 2.65 (s, 3H,
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–S–CH3); 3.66 (s w/Pt satellites
3JPt–H = 22.5 Hz, 6H, CH3
(DMSO)); 3.94 (s, 3H, –OCH3); 7.04 (ddd,
3JH–H = 7.6 Hz,
4JH–H =
1.0 Hz, 1H, –Ar–m-H); 7.13 (d, 3JH–H = 8.4 Hz, 1H, –Ar–o-H);
7.35 (s, 1H, vCH); 7.53 (ddd, 3JH–H = 7.6 Hz,
4JH–H = 1.0 Hz,
1H, –Ar–p-H); 7.80 (dd, 3JH–H = 7.8 Hz,
4JH–H = 1.8 Hz, 1H, Ar–
m-H). 13C{1H} NMR (101 MHz, acetone-d6): δ = 17.7 (–S–CH3);
46.7 (DMSO); 56.4 (–OCH3); 113.3 (–Ar–o-C); 116.3 (vCH);
121.7 (–Ar–m-C); 128.0 (–Ar–C1); 132.1 (–Ar–m-C); 133.8 (–Ar–p-
C); 158.3 (–Ar–OCH3); 175.0 (–C–O–); 199.0 (–CvS). MS (DEI):
m/z = 548, 546, 386, 341, 284, 152, 135, 105, 78, 63. Elemental
analysis: calculated for C13H17ClO3PtS3·2/3 acetone C: 30.71%;
H: 3.60%; S: 16.40%, found: C: 30.82%; H: 3.32%; S: 16.71%.
Chloro-(1-(3-methoxyphenyl)-3-(methylthio)-3-thioxo-prop-1-
en-1-olate-O,S)-(dimethylsulfoxide-S)-platinum(II) (Pt2).
Synthesis was performed according to general procedure 1,
pathway A. L2 (367 mg, 1.53 mmol) was dissolved in THF and
t-BuOK (172 mg, 1.53 mmol) was added. K2PtCl4 (700 mg,
1.69 mmol) was dissolved in water and dmso (220 μL,
3.07 mmol) was added. Column chromatography mobile
phase: DCM 4 : hexane 1–DCM–acetone. Yield: 350 mg (41.8%)
as orange crystals. 1H NMR (400 MHz, CDCl3): δ = 2.70 (s, 3H,
–S–CH3); 3.68 (s w/Pt satellites
3JPt–H = 22.5 Hz, 6H, CH3
(DMSO)); 3.88 (s, 3H, –OCH3); 7.10 (dd,
3JH–H = 8.2 Hz,
4JH–H =
0.8 Hz, 1H, –Ar–p-H); 7.28 (s, 1H,vCH); 7.32 (t, 1H, –Ar–m-H);
7.54 (m, 2H, –Ar–o-H). 13C{1H} NMR (101 MHz, CDCl3): δ =
17.6 (–S–CH3); 46.9 (DMSO); 55.5 (–OCH3); 112.9 (vCH); 118.3
(–Ar–o-C); 129.7 (–Ar–m-C/–Ar–C1); 135.7 (–Ar–p-H); 159.9 (–Ar–
OCH3); 174.2 (–C–O–); 180.9 (–CvS). MS (ESI): m/z = 565, 536,
512, 445, 101. Elemental analysis: calculated for
C13H17ClO3PtS3·1/5 acetone C: 29.19%; H: 3.27%; S: 17.19%,
found: C: 29.46%; H: 2.90%; S: 17.10%.
Chloro-(1-(4-methoxyphenyl)-3-(methylthio)-3-thioxo-prop-1-
en-1-olate-O,S)-(dimethylsulfoxide-S)-platinum(II) (Pt3).
Synthesis was performed according to general procedure 1,
pathway A. L3 (367 mg, 1.53 mmol) was dissolved in THF and
t-BuOK (172 mg, 1.53 mmol) was added. K2PtCl4 (700 mg,
1.69 mmol) was dissolved in water and dmso (220 μL,
3.07 mmol) was added. Column chromatography mobile
phase: DCM 4 : hexane 1–DCM–acetone. Yield: 350 mg (41.8%)
as orange crystals. 1H NMR (600 MHz, CDCl3): δ = 2.60 (s, 3H,
–S–CH3); 3.59 (s w/Pt satellites
3JPt–H = 22.5 Hz, 6H, CH3
(DMSO)); 3.78 (s, 3H, –OCH3); 6.84 (d,
3JH–H = 9.0 Hz, 2H, –Ar–
o-H); 7.04 (s, 1H, vCH); 7.91 (d, 3JH–H = 9.0 Hz, 2H, –Ar–m-H).
13C{1H} NMR (101 MHz, CDCl3): δ = 22.3 (–S–CH3); 46.8
(DMSO); 55.5 (–OCH3); 111.0 (vCH); 114.1 (–Ar–o-C); 129.4
(–Ar–m-C); 130.3 (–Ar–m-C); 163.0 (–Ar–OCH3); 174.2 (–C–O–);
177.9 (–CvS). MS (ESI): m/z = 565, 536, 512, 445, 101.
Elemental analysis: calculated for C13H17ClO3PtS3·1/2 acetone




was performed according to general procedure 1, pathway
A. L4 (389 mg, 1.53 mmol) was dissolved in THF and t-BuOK
(172 mg, 1.53 mmol) was added. K2PtCl4 (700 mg, 1.69 mmol)
was dissolved in water and dmso (220 μL, 3.07 mmol) was
added. Column chromatography mobile phase: DCM
4 : pentane 1–DCM–DCM 2 : acetone 1–acetone. Yield: 516 mg
(60.0%) as red oil. 1H NMR (600 MHz, acetone-d6): δ = 1.43 (t,
3H, –S–CH2–CH3); 3.23 (q, 2H, –S–CH2–); 3.65 (s w/Pt satellites
3JPt–H = 22.5 Hz, 6H, CH3 (DMSO)); 3.94 (s, 3H, –OCH3); 6.99
(ddd, 3JH–H = 7.6 Hz,
4JH–H = 1.0 Hz, 1H, –Ar–m-H); 7.14 (d,
3JH–H = 8.4 Hz, 1H, –Ar–o-H); 7.35 (s, 1H, vCH); 7.50 (ddd,
3JH–H = 7.6 Hz,
4JH–H = 1.0 Hz, 1H, –Ar–p-H); 7.62 (dd,
3JH–H =
7.8 Hz, 4JH–H = 1.8 Hz, 1H, Ar–m-H).
13C{1H} NMR (101 MHz,
acetone-d6): δ = 13.7 (–S–CH2–CH3); 26.1 (–S–CH2–); 46.7
(DMSO); 56.4 (–OCH3); 112.9 (–Ar–o-C); 116.5 (vCH); 121.7
(–Ar–m-C); 129.3 (–Ar–C1); 130.6 (–Ar–m-C); 133.8 (–Ar–p-C);
158.3 (–Ar–OCH3); 175.3 (–C–O–); 199.0 (–CvS). MS (ESI): m/z
= 525, 448, 393, 337, 331, 245, 205, 173, 151.
Elemental analysis: calculated for C14H19ClO3PtS3·2/3




was performed according to general procedure 1, pathway
A. L5 (389 mg, 1.53 mmol) was dissolved in THF and t-BuOK
(172 mg, 1.53 mmol) was added. K2PtCl4 (700 mg, 1.69 mmol)
was dissolved in water and dmso (220 μL, 3.07 mmol) was
added. Column chromatography mobile phase: DCM
4 : hexane 1–DCM–DCM 2 : acetone1–acetone. Yield: 160 mg
(18.6%) as yellow crystals. 1H NMR (400 MHz, CDCl3): δ = 1.43
(t, 3H, –S–CH2–CH3); 3.26 (q, 2H, –S–CH2–); 3.64 (s w/Pt satel-
lites 3JPt–H = 22.5 Hz, 6H, CH3 (dmso)); 3.84 (s, 3H, –OCH3);
7.06 (m, 2H, –Ar–p-H/vCH); 7.29 (t, 1H, –Ar–m-H); 7.50 (m,
2H, –Ar–o-H). 13C{1H} NMR (400 MHz, CDCl3): δ = 14.0 (–S–
CH2–CH3); 22.3 (–S–CH2–); 46.9 (dmso); 55.4 (–OCH3); 112.9
(vCH); 118.3 (–Ar–o-C); 129.7 (–Ar–m-C/–Ar–C1); 135.7 (–Ar–p-
C); 159.9 (–Ar–OCH3); 174.5 (–C–O–); 177.6 (–CvS). MS (ESI):
m/z = 579, 413, 393, 301. Elemental analysis: calculated for
C14H19ClO3PtS3·1/2 acetone C: 31.5%; H: 3.75%; S: 16.27%,
found: C: 32.02%; H: 3.75%; S: 16.76%.
Chloro-(1-(4-methoxyphenyl)-3-(ethylthio)-3-thioxo-prop-1-en-
1-olate-O,S)-(dimethylsulfoxide-S)-platinum(II) (Pt6). Synthesis
was performed according to general procedure 1, pathway
A. L6 (389 mg, 1.53 mmol) was dissolved in THF and t-BuOK
(172 mg, 1.53 mmol) was added. K2PtCl4 (700 mg, 1.69 mmol)
was dissolved in water and dmso (220 μL, 3.07 mmol) was
added. Column chromatography mobile phase: DCM
4 : pentane 1–DCM–DCM 2 : acetone1–acetone. Yield: 150 mg
(17.5%) as yellow crystals. 1H NMR (400 MHz, CDCl3): δ = 1.42
(t, 3H, –S–CH2–CH3); 3.24 (q, 2H, –S–CH2–); 3.63 (s w/Pt satel-
lites 3JPt–H = 22.5 Hz, 6H, CH3 (dmso)); 3.83 (s, 3H, –OCH3);
6.89 (d, 3JH–H = 9.0 Hz, 2H, –Ar–o-H); 7.07 (s, 1H, vCH); 7.95
(d, 3JH–H = 9.0 Hz, 2H, –Ar–m-H).
13C{1H} NMR (101 MHz, CDCl3): δ = 13.3 (–S–CH2–CH3);
22.3 (–S–CH2–); 46.8 (dmso); 55.5 (–OCH3); 111.0 (vCH); 114.1
(–Ar–o-C); 129.4 (–Ar–C1); 130.2 (–Ar–m-C); 163.0 (–Ar–OCH3);
174.2 (–C–O–); 177.9 (–CvS). MS (ESI): m/z = 579, 413, 393,
301. Elemental analysis: calculated for C14H19ClO3PtS3·1/3
pentane C: 32.11%; H: 3.96%; S: 16.41%, found: C: 32.43%; H:
3.73%; S: 16.52%.
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was performed according to general procedure 1, pathways
A and B. L7 (350 mg, 1.53 mmol) was dissolved in THF and
t-BuOK (172 mg, 1.53 mmol) was added. K2PtCl4 (700 mg,
1.70 mmol) was dissolved in water and dmso (220 μL,
3.07 mmol) was added. Column chromatography mobile
phase: DCM–acetone 20 : DCM 1–acetone 10 : DCM 1—acetone
2 : DCM 1. Yield: 380 mg (46.4%) as orange crystals.
1H NMR (600 MHz, acetone-d6): δ = 2.63 (s, 3H, –S–CH3);
3.61 (s w/Pt satellites 3JPt–H = 22.5 Hz, 6H, CH3 (dmso)); 7.02
(dd, 3JH–H = 8.2 Hz,
4JH–H = 0.8 Hz, 1H, –Ar–p-H); 7.15 (s, 1H,
vCH); 7.24 (t, 1H, –Ar–m-H); 7.47 (m, 2H, –Ar–o-H); 8.73 (s,
1H, –Ar–OH). 13C{1H} NMR (101 MHz, acetone-d6): δ = 16.7
(–S–CH3); 45.9 (dmso); 110.8 (vCH); 114.6 (–Ar–o-C); 118.6
(–Ar–o-C); 119.3 (–Ar–C1); 130.1 (–Ar–m-C); 138.6 (–Ar–p-C);
157.9 (–Ar–OH); 174.2 (–C–O–); 177.6 (–CvS). MS (ESI): m/z =
516, 471, 413, 359, 301, 215. MS (DEI): m/z = 279, 167, 149,
121, 113, 83, 71, 57, 43. Elemental analysis: calculated for
C12H17ClO3PtS3·1/3 acetone C: 28.22%; H: 3.09%; S: 17.38%,
found: C: 28.53%; H: 2.82%; S: 17.95%.
Chloro-(1-(4-hydroxyphenyl)-3-(methylthio)-3-thioxo-prop-1-en-
1-olate-O,S)-(dimethylsulfoxide-S)-platinum(II) (Pt8). Synthesis
was performed according to general procedure 1, pathways
A and B. L8 (248 mg, 1.10 mmol) was dissolved in THF and
t-BuOK (123 mg, 1.10 mmol) was added. K2PtCl4 (500 mg,
1.21 mmol) was dissolved in water and dmso (160 μL,
2.20 mmol) was added. Column chromatography mobile
phase: DCM 2 : pentane 1–DCM 1–acetone 20 : DCM 1–acetone
10 : DCM 1–acetone 2 : DCM 1. Yield: 210 mg (35.8%) as yellow
crystals. 1H NMR (600 MHz, acetone-d6): δ = 2.61 (s, 3H, –S–
CH3); 3.60 (s w/Pt satellites
3JPt–H = 22.5 Hz, 6H, CH3 (dmso));
6.85 (d, 3JH–H = 9.0 Hz, 2H, –Ar–o-H); 7.16 (s, 1H, vCH); 7.95
(d, 3JH–H = 9.0 Hz, 2H, –Ar–m-H).
13C{1H} NMR (101 MHz, acetone-d6): δ = 16.7 (–S–CH3); 45.9
(dmso); 109.9 (vCH); 115.7 (–Ar–o-C); 128.3 (–Ar–C1); 130.5
(–Ar–m-C); 161.7 (–Ar–C–OH); 174.2 (–C–O–); 178.7 (–CvS). MS
(ESI): m/z = 530, 471, 413, 359, 301, 194, 121. MS (DEI): m/z =
528, 382, 327, 279, 194, 179, 167, 136, 121, 78. Elemental ana-
lysis: calculated for C12H17ClO3PtS3·1/3 pentane C: 29.42%; H:
3.43%; S: 17.24%, found: C: 29.93%; H:3.01%; S: 16.80%.
Chloro-(1-(3-hydroxyphenyl)-3-(ethylthio)-3-thioxo-prop-1-en-
1-olate-O,S)-(dimethylsulfoxide-S)-platinum(II) (Pt9). Synthesis
was performed according to general procedure 1, pathways A
and B. L9 (369 mg, 1.53 mmol) was dissolved in THF and
t-BuOK (172 mg, 1.53 mmol) was added. K2PtCl4 (700 mg,
1.70 mmol) was dissolved in water and dmso (220 μL,
3.07 mmol) was added. Column chromatography mobile
phase: DCM 2 : pentane 1–DCM 1–acetone 20 : DCM 1–acetone
10:DCM 1–acetone 2 : DCM 1. Yield: 130 mg (15.5%) as yellow
crystals. 1H NMR (600 MHz, acetone-d6): δ = 1.37 (t, 3H,
–S–CH2–CH3); 3.22 (q, 2H, –S–CH2–); 3.61 (s w/Pt satellites
3JPt–H = 22.5 Hz, 6H, CH3 (dmso)); 7.03 (d,
3JH–H = 8.1 Hz, 1H,
–Ar–p-H); 7.15 (s, 1H, vCH); 7.24 (t, 1H, –Ar–m-H); 7.46 (m,
2H, –Ar–o-H); 8.74 (s, 1H, Ar–C–OH). 13C{1H} NMR (101 MHz,
acetone-d6): δ = 12.8 (–S–CH2–CH3); 25.9 (–S–CH2–); 45.9
(dmso); 111.0 (vCH); 114.4 (–Ar–o-C); 119.6 (–Ar–C1); 120.2
(–Ar–o-C); 129.7 (–Ar–m-C); 138.8 (–Ar–p-C); 156.9 (–Ar–C–OH);
174.5 (–C–O–); 196.8 (–CvS). MS (ESI): m/z = 510, 434, 359,
301, 289, 197, 78. MS (DEI): m/z = 298, 268, 239, 213, 208, 181,
179, 167, 138, 136, 98, 93, 78, 63, 61, 29. Elemental analysis:
calculated for C12H17ClO3PtS3·1/10 pentane C: 29.2%; H:
3.30%; S: 17.33%, found: C: 29.44%; H: 3.02%; S: 17.38%.
Chloro-(1-(4-hydroxyphenyl)-3-(ethylthio)-3-thioxo-prop-1-en-
1-olate-O,S)-(dimethylsulfoxide-S)-platinum(II) (Pt10).
Synthesis was performed according to general procedure 1,
pathways A and B. L10 (369 mg, 1.53 mmol) was dissolved in
THF and t-BuOK (172 mg, 1.53 mmol) was added. K2PtCl4
(700 mg, 1.70 mmol) was dissolved in water and dmso (220 μL,
3.07 mmol) was added. Column chromatography mobile
phase: DCM 1–acetone 20 : DCM 1–acetone 10 : DCM
1–acetone 2 : DCM 1. Yield: 130 mg (15.5%) as yellow crystals.
1H NMR (600 MHz, acetone-d6): δ = 1.35 (t, 3H, –S–CH2–
CH3); 3.20 (q, 2H, –S–CH2–); 3.60 (s w/Pt satellites
3JPt–H = 22.5
Hz, 6H, CH3 (dmso)); 6.85 (m, 2H, –Ar–o-H); 7.16 (s, 1H,
vCH); 7.82 (d, 3JH–H = 9.0 Hz, 2H, –Ar–m-H); 9.24 (s, 1H, Ar–C–
OH). 13C{1H} NMR (101 MHz, acetone-d6): δ = 12.9 (–S–CH2–
CH3); 28.1 (–S–CH2–); 45.9 (dmso); 110.3 (vCH); 115.0 (–Ar–
o-C); 128.4 (–Ar–C1); 129.7 (–Ar–m-C); 161.7 (–Ar–C–OH); 174.5
(–C–O–); 177.6 (–CvS). MS (ESI): m/z = 471, 413, 359, 301, 194,
139. MS (DEI): m/z = 530, 359, 267, 167, 149, 136, 121, 93, 78,
63, 45, 29. Elemental analysis: calculated for
C12H17ClO3PtS3·2.5 acetone C: 35.52%; H: 4.65%; S: 13.88%,
found: C: 35.71%; H: 4.08%; S: 14.68%.
Chloro-(1-phenyl-3-(methylthio)-3-thioxo-prop-1-en-1-olate-O,S)-
(dimethylsulfoxide-S)-platinum(II) (Pt11). Synthesis was per-
formed according to general procedure 1, pathway A. L11
(322 mg, 1.53 mmol) was dissolved in THF and t-BuOK
(172 mg, 1.53 mmol) was added. K2PtCl4 (700 mg, 1.69 mmol)
was dissolved in water and dmso (220 μL, 3.07 mmol) was
added. Column chromatography mobile phase: DCM
4 : hexane 1–DCM–DCM 1 : acetone 1–acetone. Yield: 330 mg
(41.5%) as yellow crystals. 1H NMR (600 MHz, acetone-d6): δ =
2.70 (s, 3H, –S–CH3); 3.68 (s w/Pt satellites
3JPt–H = 22.5 Hz, 6H,
CH3 (dmso)); 7.28 (s, 1H, vCH); 7.49 (m, 2H, –Ar–o-H); 7.62
(m, 1H, –Ar–p-H); 8.08 (m, 2H, –Ar–m-H). 13C{1H} NMR
(101 MHz, acetone-d6): δ = 17.8 (–S–CH3); 46.9 (dmso); 111.6
(vCH); 128.2 (–Ar–m-C/–Ar–p-C); 128.8 (–Ar–o-C); 133.0 (–Ar–
C1); 175.1 (–C–O–); 177.6 (–CvS). MS (DEI): m/z = 518, 517,
504, 341, 209, 207, 105, 78, 63, 45. Elemental analysis: calcu-
lated for C12H15ClO2PtS3·1/3 acetone/1/3 CHCl3 C: 27.75%; H:
3.02%; S: 16.67%, found: C: 27.88%; H: 2.72%; S: 17.02%.
Chloro-(1-phenyl-3-(ethylthio)-3-thioxo-prop-1-en-1-olate-O,S)-
(dimethylsulfoxide-S)-platinum(II) (Pt12). Synthesis was per-
formed according to general procedure 1, pathway A. L12
(343 mg, 1.53 mmol) was dissolved in THF and t-BuOK
(172 mg, 1.53 mmol) was added. K2PtCl4 (700 mg, 1.69 mmol)
was dissolved in water and dmso (220 μL, 3.07 mmol) was
added. Column chromatography mobile phase: DCM
4 : hexane 1–DCM–DCM 1 : acetone 1–acetone. Yield: 470 mg
(57.5%) as red crystals. 1H NMR (600 MHz, acetone-d6): δ =
1.43 (t, 3H, –CH2–CH3); 3.29 (q, 2H, –S–CH2–); 3.67 (s w/Pt
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satellites 3JPt–H = 22.5 Hz, 6H, CH3 (dmso)); 7.27 (s, 1H, vCH);
7.49 (m, 2H, –Ar–o-H); 7.62 (m, 1H, –Ar–p-H); 8.07 (m, 2H,
–Ar–m-H). 13C{1H} NMR (101 MHz, acetone-d6): δ = 13.7 (–S–
CH2–CH3); 29.2 (–S–CH2–); 46.8 (dmso); 111.8 (vCH); 128.1
(–Ar–o-C); 128.7 (–Ar–m-C/–Ar–p-C); 138.2 (–Ar–C1); 175.3 (–C–
O–); 181.5 (–CvS). MS (DEI): m/z = 518, 517, 504, 341, 209,
207, 105, 78, 63, 45. Elemental analysis: calculated for
C12H15ClO3PtS3·2/3 acetone/1/3 CHCl3 C: 30.17%; H: 3.52%; S:
15.76%, found: C: 30.38%; H: 2.93%; S: 15.68%.
Crystal structure determination
The intensity data for the compounds were collected on a
Nonius KappaCCD diﬀractometer using graphite-monochro-
mated Mo-Kα radiation. Data were corrected for Lorentz and
polarization eﬀects; absorption was taken into account on a
semi-empirical basis using multiple-scans.52–54
The structures were solved by direct methods (SHELXS) and
refined by full-matrix least squares techniques against Fo
2
(SHELXL-97).55 All hydrogen atoms of compound L1, Pt1 and
molecule B of L7, the hydrogen atoms bound to the hydroxy-
groups of molecule A of L7 and Pt10 were located by diﬀerence
Fourier synthesis and refined isotropically. All other hydrogen
atoms were included at calculated positions with fixed thermal
parameters. The crystal of Pt7 was a non-merohedral twin. The
twin law was determined by PLATON to (1.0 0.0 0.129) (0.0
−1.0 0.0) (0.0 0.0 1.0).56 The contribution of the main com-
ponent was refined to 0.776(1). Crystallographic data as well as
structure solution and refinement details are summarized in
Table S1.‡ XP (SIEMENS Analytical X-ray Instruments, Inc.)
was used for structure representations.
Stability determinations
NMR-spectra were recorded via NMR-spectroscopy on a Bruker
Avance 600 MHz. Substances were dissolved in dmso-d6 and
measured directly at 37 °C. NMR tubes were incubated at 37 °C
and after 24 hours measured again under the same
conditions.
UV–vis spectra of the compounds at diﬀerent dmso concen-
trations and under the conditions used to obtain crystals of
HEWL–Pt compounds adducts were registered using a Jasco
spectrophotometer at room temperature in a cuvette with an
optical length of 0.1 cm. Spectra of the compounds in 10 mM
PBS pH 7.4 and 0.9% NaCl were registered using a Cary-win 50
spectrophotometer in a cuvette with an optical length of 1 cm.
DNA-binding behavior
DNA-binding behavior was measured via NMR-spectroscopy on
a Bruker Avance 600 MHz at 37 °C. Model base 9-methyl-
guanine was supplied by Sigma Aldrich, both compounds
(a model base as well as a platinum(II)-complex) were dissolved
separately in dmso-d6, quickly mixed and quickly transferred
into an NMR tube. Measurements were started directly after
the transfer of the single molecules for 24 hours and
30 minutes (NS = 64 (3 minutes and 38 seconds), pause: 390
seconds, 145 experiments). We used 6 mg of the complex as
well as of the model base, which resulted in a high molecular
excess of the 9-methylguanine, to imitate excesses in the bio-
logical system and because of the intensity of the signals.
Biological assays
Ovarian cancer cell lines were cultured under standard con-
ditions (5% CO2, 37 °C, 90% humidity) in RPMI medium sup-
plemented with 10% FCS, 100 U ml−1 penicillin and
100 μg ml−1 streptomycin (Life Technologies, Germany).
Cisplatin (Sigma, Germany) was freshly dissolved at 1 mg ml−1
in 0.9% NaCl solution and diluted appropriately. New plati-
num(II) complexes and ligands were dissolved in dmso.
Platinum-resistant A2780 and SKOV3 cells were established by
repeated rounds of 3 day incubations with increasing amounts
of Cisplatin starting with 0.1 μM. The concentration was
doubled after 3 incubations interrupted by recovery phases
with normal medium. Cells that survived the third round of
12.8 μM Cisplatin were defined as resistant cultures.
Determinations of IC50 values were carried out using the
CellTiter96 non-radioactive proliferation assay (MTT assay,
Promega). After seeding 5000 cells per well in a 96-well plate
cells were allowed to attach for 24 h and were incubated for
48 h with diﬀerent concentrations of the substances ranging
from 0 to 1000 μM for Platinum and 0 to 1000 μM for ligand
tests (0, 1, 10, 50, 100, 500, 1000 μm), for Cisplatin from 0 to
100 μM (0.1, 1, 5, 10, 50, 100 μM). Each measurement was
done in triplicate and repeated 3-times. The proportion of live
cells was quantified by the MTT assay and after background
subtraction relative values compared to the mean of medium
controls were calculated. Non-linear regression analyses apply-
ing the Hill-slope were run in the GraphPad 5.0 software.
For the determination of DNA damage induced by the treat-
ment with diﬀerent substances histone γH2AX foci were visual-
ized by immunocytochemical staining. Cells were seeded on
coverslips to reach 60–70% confluence after 24 h. After incu-
bation (24 h) with diﬀerent substances at IC50 concentrations
for the resistant cells, cells were washed 3× with PBS and fixed
for 10 min in 4% paraformaldehyde. Cells were again washed
3-times and then permeabilised by incubation with 0.25%
Triton-X in PBS for 5 min. The primary antibody against
γH2AX (clone JBW301, Millipore, diluted 1 : 2000) was incu-
bated for 1 h at RT and coverslips were washed 3-times after-
wards. Alexa488-labelled secondary anti-mouse antibody (life
technologies) was used in a 1 : 1000 dilution in PBS and
applied for 1 h at RT. Cells were washed 3-times, counter-
stained with DAPI, washed again and embedded in mounting
medium (Vectorshield, Vector Systems). Slides were stored at
4 °C in the dark until microscopic evaluation was done using a
Zeiss LSM 710 laser scanning microscope.
Fluorescence
Intrinsic fluorescence spectra of HEWL (0.1 mg × mL−1) in the
presence of increasing concentrations of the Pt compounds, at
a fixed dmso concentration (1.4%), were recorded at 25 °C
with a Horiba Fluoromax 4, using 5 nm per 5 nm slit widths.
The excitation wavelength was 280 nm, and the emission wave-
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length was read at 295–450 nm. The temperature of the
sample was maintained by a Peltier-thermostat.
Crystallization of protein–Pt compound adducts
Crystals of hen egg white lysozyme (HEWL)–Pt compound
adducts appeared in solutions consisting of 1.1 M NaCl, 0.1 M
sodium acetate, pH 4.4. Single crystals suitable for X-ray experi-
ments were grown by the hanging drop vapor-diﬀusion
method using a 1 : 1 ratio of reservoir solution and protein
adducts solution with a protein concentration of ∼15 mg ml−1.
Data collection, structure determination and refinement
Crystals were flask-cooled in nitrogen in the absence of a cryo-
protectant, as done in other studies (see for example ref. 57)
and then screened for diﬀraction quality. X-ray data were col-
lected at ∼100 K at the CNR Institute of Biostructure and
Bioimages. Data were indexed, integrated and scaled with
HKL2000.52 Details of data processing are reported in
Table S3.‡
The structures were solved using the coordinates from PDB
code 4J1A, without water and ligands and the molecular-
replacement method as implemented in Phaser.47,58 All the
models were refined independently using Refmac of the CCP4
suite (see Table 1).59,60 Model building and electron density
map fitting were performed using WinCoot.61 Structural
figures were prepared using PyMOL (http://www.pymol.org/)
and the structures were deposited in the Protein Data Bank.
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2Synthesis and Spectroscopic Data of Compounds L1-L12
General procedure 1: "#$$ dithiocinnamic acid alkyl esters (L1-L12).
In case of a -	>-(?(-	>- dithiocinnamic acid alkyl ester, a mixture of the hydroxy-acetophenone 
derivate (1 equiv) and imidazole (2 equiv) in dimethylformamide (DMF, 50 ml) was dropped to a solution of 
tert.-butyldimethylchlorosilan (1 equiv) in DMF (25 ml). After stirring for 20 h at room temperature an 
aqueous solution of sodium hydrogen carbonate (200 ml) was added to the reaction mixture and the evolving 
two-phased system was seperated. The aquatic phase was extracted with hexane (3x20 ml) and the combined 
organic solutions washed with water (3x20 ml) followed by drying with sodium sulfate, filtration and 
evaporation of the solvent.
In a second step to a solution of potassium-tert.-butoxylate (t-BuOK, 2 equiv) in diethyl ether (250 ml), 
cooled down at -70°C, was dropped the corresponding acetophenone derivate (1 equiv) in diethyl ether (50 
ml). Carbon disulfide (CS2, 1.4 equiv) was dropped to the solution and stirred one hour at -70°C. After 
warming up the reaction mixture was stirred two hours at room temperature. Alkyl halide (1 equiv) was 
added and the mixture stirred for 15 h. Solvent was removed and dichlormethane (100 ml) was added to the 
oil. Sulfuric acid (aqueous solution, 2M, 100 ml) was added to the suspension and stirred for 30 minutes at 
room temperature. The two-phased system was seperated and the aqueous phase extracted with 
dichlormethane (3x35 ml). The combined organic phases were washed with water (3x20 ml), dried with 
sodium sulfate, followed by filtration and evaporation of the solvent. The crude product was purified with 
column cromatography.
Last step is the deprotection of the TBDMS-protection group in case of -	>-(?(-	>- dithiocinnamic 
acid alkyl esters. The ?(-	>- dithiocinnamic alkyl ester (1equiv) is solved in tetrahydrofurane (THF, 60 
ml) and tetra-n-butylammonium flouride (TBAF, 2 equiv, 1M in THF) was dropped to the solution. After 
stirring for three days at room temperature sulfuric acid (50 ml, 2M) was added and stirred for four hours, 
followed by seperating the two phases. The aqueous phase was extracted with DCM (3x35 ml), combined 
organic phases were washed with water (3x20 ml), dried over sodium sulfate and filtrated. The crude product 
was purified with column cromatography.
Ligands L1-L12 were prepared as described above or have been reported earlier.[1-2]
'(#$"#$$ dithiocinnamic methyl ester (L1)
Synthesis was performed according to general procedure 1. The 2’-methoxyacetophenone (1.8 ml, 13.32 
mmol) and CS2 (1.13 ml, 18.64 mmol) was dropped to the t-BuOK (3.0 g, 27.00 mmol) solution. 
Methyliodide (0.83 ml, 27.00 mmol) was used. Column chromatography mobile phase: DCM 1:hexane 1. 
Yield: 1.21 g (37.8%) as yellow crystals. 1H NMR (400 MHz, CDCl3): M = 2.57 (s, 3H, -S-CH3); 3.85 (s, 3H, 
-OCH3); 6.90 (d, 3JH-H=8.4 Hz, 1H, -Ar-o-H); 6.96 (ddd, 3JH-H=7.6 Hz, 4JH-H=1.0 Hz, 1H, -Ar-m-H); 7.20 (s, 
1H, =CH); 7.36 (ddd, 3JH-H=7.6 Hz, 4JH-H=1.0 Hz, 1H, -Ar-p-H); 7.79 (dd, 3JH-H=7.8 Hz, 4JH-H=1.8 Hz, 1H, 
Ar-m-H); 15.08 (s, 1H, -C-OH). 13C{1H} NMR (101 MHz, CDCl3): M = 17.1 (-S-CH3); 55.8 (-OCH3); 111.7 
(-Ar-o-C); 112.9 (=CH); 120.8 (-Ar-m-C); 123.2 (-Ar-C1); 130.2 (-Ar-m-C); 133.8 (-Ar-p-C); 157.8 (-Ar-
OCH3); 167.6 (-C-OH); 217.2 (-C=S). MS (DEI): m/z = 242, 240, 209, 193, 135, 121, 92, 77. Elemental 
analysis: calculated for C11H12O2S2 C: 54.97%; H: 5.03%; S: 26.68%, found: C: 55.13%; H: 5.03%; S: 
27.11%.
3'(#$"#$$ dithiocinnamic methyl ester (L2)
Synthesis was performed according to general procedure 1. The 3’-methoxyacetophenone (1.8 ml, 13.32 
mmol) and CS2 (1.13 ml, 18.64 mmol) were dropped to the t-BuOK (3.0 g, 27.00 mmol) solution. 
Methyliodide (0.83 ml, 27.00 mmol) was used. Column chromatography mobile phase: DCM 1:hexane 1. 
Yield: 2.14 g (66.9%) as yellow crystals. 1H NMR (400 MHz, CDCl3): M = 2.68 (s, 3H, -S-CH3); 3.89 (s, 3H, 
-OCH3); 6.97 (s, 1H, =CH); 7.08 (dd, 3JH-H=8.2 Hz, 4JH-H=0.8 Hz, 1H, -Ar-p-H); 7.38 (t, 1H, -Ar-m-H); 7.44 
(m, 1H, -Ar-o-H); 7.48 (m, 1H, -Ar-o-H). 13C{1H} NMR (101 MHz, CDCl3): M = 17.2 (-S-CH3); 55.5 (-
OCH3); 111.8 (-Ar-o-C); 112.9 (=CH); 117.9 (-Ar-o-C); 120.3 (-Ar-m-C); 121.6 (-Ar-C1); 135.7 (-Ar-p-C); 
159.9 (-Ar-OCH3); 169.1 (-C-OH); 217.3 (-C=S). MS (DEI): m/z = 240, 225, 209, 193, 135, 121, 92, 77. 
Elemental analysis: calculated for C11H12O2S2 C: 54.97%; H: 5.03%; S: 26.68%, found: C: 55.23%; H: 
5.07%; S: 27.01%.
34'(#$"#$$ dithiocinnamic methyl ester(L3).
Synthesis was performed according to general procedure 1. The 4’-methoxyacetophenone (2 g, 13.32 mmol) 
and CS2 (1.13 ml, 18.64 mmol) were dropped to the t-BuOK (3.0 g, 27.00 mmol) solution. Methyliodide 
(0.83 ml, 13.32 mmol) was used. Column chromatography mobile phase: DCM 1:hexane 1. Yield: 1.26 g 
(39.4%) as yellow crystals. 1H NMR (600 MHz, CDCl3): M = 2.68 (s, 3H, -S-CH3); 3.89 (s, 3H, -OCH3); 6.98 
(m, 3H, -Ar-o-H/=CH); 7.89 (d, 3JH-H=9.0 Hz, 2H, -Ar-m-H); 15.21 (-C-OH). 13C{1H} NMR (101 MHz, 
CDCl3): M = 17.0 (-S-CH3); 55.5 (-OCH3); 107.1 (=CH); 126.2 (-Ar-o-C); 128.7 (-Ar-C1); 129.0 (-Ar-m-C); 
131.4 (-Ar-m-C); 157.8 (-Ar-OCH3); 169.6 (-C-OH); 215.7 (-C=S).MS (DEI): m/z = 241, 240, 225, 193, 
135, 121, 92.
Elemental analysis: calculated for C11H12O2S2 C: 54.97%; H: 5.03%; S: 26.68%, found: C: 55.25%; H: 
5.08%; S: 27.13%.
'(#$"#$$ dithiocinnamic ethyl ester (L4).
Synthesis was performed according to general procedure 1. The 2’-methoxyacetophenone (2.3 ml, 16.65 
mmol) and CS2 (1.40 ml, 23.31 mmol) were dropped to the t-BuOK (3.7 g, 33.23 mmol) solution. 
Ethyliodide (1.34 ml, 16.65 mmol) was used. Column chromatography mobile phase: DCM 1:hexane 1. 
Yield: 2.51 g (59.3%) as orange oil. 1H NMR (400 MHz, CDCl3): M = 1.36 (t, 3H, -S-CH2-CH3); 3.24 (q, 2H, 
-S-CH2-); 3.88 (s, 3H, -OCH3); 6.94 (d, 3JH-H=8.5 Hz, 1H, -Ar-o-H); 6.96 (ddd, 3JH-H=7.6 Hz, 4JH-H=1.0 Hz, 
1H, -Ar-m-H); 7.23 (s, 1H, =CH); 7.41 (ddd, 3JH-H=7.96 Hz, 4JH-H=1.0 Hz, 1H, -Ar-p-H); 7.79 (dd, 3JH-H=7.8 
Hz, 4JH-H=1.8 Hz, 1H, Ar-m-H); 15.21 (s, 1H, -C-OH). 13C{1H} NMR (101 MHz, CDCl3): M = 12.8 (-S-CH2-
CH3); 27.7 (-S-CH2-); 55.6 (-OCH3); 111.6 (-Ar-o-C); 112.8 (=CH); 120.7 (-Ar-m-C); 123.1 (-Ar-C1); 130.0 
(-Ar-m-C); 132.5 (-Ar-p-C); 157.7 (-Ar-OCH3); 167.8 (-C-OH); 216.3 (-C=S). MS (DEI): m/z = 256, 254, 
223, 193, 135, 121, 92, 77. Elemental analysis: calculated for C11H14O2S2 C: 56.66%; H: 5.55%; S: 25.21%, 
found: C: 57.02%; H: 5.60%; S: 25.68%.
3'(#$"#$$ dithiocinnamic ethyl ester (L5).
Synthesis was performed according to general procedure 1. The 3’-methoxyacetophenone (1.8 ml, 13.32 
mmol) and CS2 (1.13 ml, 18.65 mmol) were dropped to the t-BuOK (3.0 g, 27.00 mmol) solution. 
Ethyliodide (1.07 ml, 13.32 mmol) was used. Column chromatography mobile phase: DCM 1:hexane 1. 
Yield: 2.89 g (85.5%) as orange oil.1H NMR (400 MHz, CDCl3): M = 1.40 (t, 3H, -S-CH2-CH3); 3.29 (q, 2H, 
-S-CH2-); 3.86 (s, 3H, -OCH3); 6.91 (s, 1H, =CH); 7.06 (dd, 3JH-H=8.2 Hz, 4JH-H=0.8 Hz, 1H, -Ar-p-H); 7.38 
(t, 1H, -Ar-m-H); 7.44 (m, 2H, -Ar-o-H); 15.18 (s, 1H, -C-OH). 13C{1H} NMR (101 MHz, CDCl3): M = 12.8 
(-S-CH2-CH3); 27.9 (-S-CH2-); 55.4 (-OCH3); 111.8 (-Ar-o-C); 112.9 (=CH); 117.8 (-Ar-o-C); 120.2 (-Ar-m-
C); 121.6 (-Ar-C1); 135.7 (-Ar-p-C); 159.9 (-Ar-OCH3); 169.4 (-C-OH); 217.3 (-C=S). MS (DEI): m/z = 
255, 254, 225, 193, 135, 121, 92, 77. Elemental analysis: calculated for C11H14O2S2 C: 56.66%; H: 5.55%; S: 
25.21%, found: C: 56.53%; H: 5.48%; S: 25.26%.
4'(#$"#$$ dithiocinnamic ethyl ester (L6).
Synthesis was performed according to general procedure 1. The 4’-methoxyacetophenone (2.0 g, 13.32 
mmol) and CS2 (1.13 ml, 18.65 mmol) were dropped to the t-BuOK (3.0 g, 27.00 mmol) solution. 
Ethyliodide (1.07 ml, 13.32 mmol) was used. Column chromatography mobile phase: DCM 1:hexane 1. 
Yield: 2.64 g (78.1%) as yellow crystals. 1H NMR (600 MHz, CDCl3): M = 1.40 (t, 3H, -S-CH2-CH3); 3.29 
(q, 2H, -S-CH2-); 3.89 (s, 3H, -OCH3); 6.91 (s, 1H, =CH); 6.97 (d, 3JH-H=9.0 Hz, 2H, -Ar-o-H); 7.88 (d, 3JH-
H=9.0 Hz, 2H, -Ar-m-H); 15.21 (-C-OH). 13C{1H} NMR (101 MHz, CDCl3): M = 13.1 (-S-CH2-CH3); 27.7 (-
S-CH2-); 55.5 (-OCH3); 107.1 (=CH); 126.3 (-Ar-o-C); 128.7 (-Ar-C1); 129.0 (-Ar-m-C); 131.4 (-Ar-m-C); 
157.8 (-Ar-OCH3); 169.9 (-C-OH); 214.9 (-C=S). MS (DEI): m/z = 254, 226, 193, 135, 92, 77. Elemental 
analysis: calculated for C11H14O2S2 C: 56.66%; H: 5.55%; S: 25.21%, found: C: 56.93%; H: 5.62%; S: 
25.56%.
3’-Hydroxy"#$$ dithiocinnamic methyl ester(L7).
Synthesis was performed according to general procedure 1. 3’-Hydroxy-acetophenone (8.2 g, 59.90 mmol) 
was protected with TBDMS (9.0 g, 59.90 mmol) and imidazole (8.16 g, 119.89 mmol) was used. Yield: 
11.91 g (79.4%) as white oil. 1H NMR (400 MHz, CDCl3): M = 0.1 (s, 6H, -Si-(CH3)2); 0.78 (s, 9H, -C-
(CH3)3); 2.34 (s, 3H -CH3); 6.81 (dd, 3JH-H=8.1 Hz, 1H, -Ar-p-H ); 6.82 (t, 1H, -Ar-m-H); 7.07 (s, 1H, -Ar-o-
H); 7.11 (d, 3JH-H=7.7 Hz 1H, -Ar-o-H). 13C{1H} NMR (101 MHz, CDCl3): M = -4.6 (-Si-(CH3)2); 18.0 (q, -C-
4(CH3)3); 25.5 (-C-(CH3)3); 26.5 (-CH3); 119.3 (-Ar-o-C); 121.4 (-Ar-o-C); 124.8 (-Ar-p-C); 129.4 (-Ar-m-C); 
138.5 (-Ar-C1); 155.8 (-Ar-m-C-O-); 197.5 (-C=O). MS (ESI): m/z = 216, 184.
The 3’-TBDMS-acetophenone (5.0 g, 19.97 mmol) and CS2 (1.70 ml, 27.95 mmol) were dropped to the t-
BuOK (4.5 g, 39.93 mmol) solution. Methyliodide (1.30 ml, 19.97 mmol) was used. Column 
chromatography mobile phase: DCM 2:hexane 1. Yield: 3.52 g (51.7%) as green crystals. 1H NMR (600 
MHz, CDCl3): M = 0.21 (s, 6H, -Si-(CH3)2); 0.98 (s, 9H, -C-(CH3)3); 2.64 (s, 3H, -S-CH3); 6.90 (s, 1H, =CH); 
6.96 (dd, 3JH-H=8.1 Hz, 1H, -Ar-p-H); 7.28 (t, 1H, -Ar-m-H); 7.33 (s, 1H, -Ar-o-H); 7.43 (d, 3JH-H=7.7 Hz, 
1H, -Ar-o-H); 15.05 (s, 1H, -C-OH). 13C{1H} NMR (101 MHz, CDCl3): M = -4.2 (-Si-(CH3)2); 17.1 (q, -C-
(CH3)3); 18.2 (-C-(CH3)3); 31.6 (-CH3); 107.9 (=CH); 118.3 (-Ar-o-C); 119.6 (-Ar-o-C); 123.6 (-Ar-p-C); 
129.7 (-Ar-m-C); 135.7 (-Ar-C1); 156.1 (-Ar-m-C-O-); 169.1 (-C-OH); 217.2 (-C=S). MS (DEI): m/z = 341, 
340, 293, 235.
The 68(E /(?(-	>- dithiocinnamic methyl ester (3.5 g, 10.3 mmol) was deprotected with TBAF 
(20.7 ml, 20.7 mmol). Column chromatography mobile phase: hexane 2:DCM 1 - hexane 1 : DCM 1 - 
hexane 1 : DCM 3. Yield: 1.89 g (81.1%) as yellow crystals. 1H NMR (400 MHz, CD2Cl2): M = 2.65 (s, 3H, -
S-CH3); 6.96 (s, 1H, =CH); 7.03 (dd, 3JH-H=8.2 Hz, 4JH-H=0.8 Hz, 1H, -Ar-p-H); 7.29 (t, 1H, -Ar-m-H); 7.33 
(s, 1H, -Ar-o-H); 7.39 (d, 3JH-H=8.2 Hz, 1H, -Ar-o-H); 15.09 (s, 1H, -C-OH). 13C{1H} NMR (101 MHz, 
CD2Cl2): M = 17.4 (-CH3); 108.2 (-Ar-o-C); 113.8 (=CH); 118.8 (-Ar-o-C); 119.5 (-Ar-C1); 130.3 (-Ar-m-C); 
135.9 (-Ar-p-C); 157.1 (-Ar-C-OH); 169.3 (-C-OH); 217.8 (-C=S). MS (DEI): m/z = 226, 179, 
121.Elemental analysis: calculated for C10H10O2S2 C: 53.07%; H: 4.45%; S:28.34%, found: C: 52.99%; H: 
4.55%; S: 27.74%.
4'-$$"#$$ dithiocinnamic methyl ester(L8).
Synthesis was performed according to general procedure 1. 4’-Hydroxy-acetophenone (8.2 g, 59.90 mmol) 
was protected with TBDMS (9.0 g, 59.90 mmol) and imidazole (8.16 g, 119.89 mmol) was used.
Yield: 18.73 g (100%) as white crystals. 1H NMR (400 MHz, CDCl3): M = 0.21 (s, 6H, -Si-(CH3)2); 0.96 (s, 
9H, -C-(CH3)3); 2.52 (s, 3H -CH3); 8.84 (d, 3JH-H=8.8 Hz, 2H, -Ar-o-H ); 7.85 (d, 3JH-H= 8.8 Hz 2H, -Ar-m-
H).
13C{1H} NMR (101 MHz, CDCl3): M = -4.1 (-Si-(CH3)2); 18.2 (q, -C-(CH3)3); 25.6 (-C-(CH3)3); 26.3 (-CH3); 
119.8 (-Ar-o-C); 130.5 (-Ar-m-C); 130.8 (-Ar-C1); 160.2 (-Ar-p-C-O-); 196.8 (-C=O). MS (ESI): m/z = 250, 
193, 151.
The 4’-TBDMS-acetophenone (5.0 g, 19.97 mmol) and CS2 (1.70 ml, 27.95 mmol) were dropped to the t-
BuOK (4.5 g, 39.93 mmol) solution. Methyliodide (1.00 ml, 19.97 mmol) was used. Column 
chromatography mobile phase: DCM 2:hexane 1. Yield: 3.25 g (47.8%) as green crystals. 1H NMR (600 
MHz, CDCl3): M = 0.21 (s, 6H, -Si-(CH3)2); 0.97 (s, 9H, -C-(CH3)3); 2.63 (s, 3H, -S-CH3); 6.87 (d, 3JH-H=8.8 
Hz, 2H, -Ar-o-H); 6.91 (s, 1H, =CH); 7.78 (d, 3JH-H=8.8 Hz, 2H, -Ar-m-H); 15.15 (s, 1H, -C-OH). 13C{1H} 
NMR (101 MHz, CDCl3): M = -4.4 (-Si-(CH3)2); 16.9 (-CH3); 18.2 (q, -C-(CH3)3); 25.6 (-C-(CH3)3); 107.2 
(=CH); 120.3 (-Ar-m-C); 126.8 (-Ar-o-C); 128.6 (-Ar-C1); 159.5 (-Ar-p-C-O-); 196.6 (-C-OH); 215.7 (-
C=S). MS (EI): m/z = 341, 293, 235.
The 48(E /(?(-	>- dithiocinnamic methyl ester (3.25 g, 9.54 mmol) was deprotected with TBAF 
(19.1 ml, 19.1 mmol). Column chromatography mobile phase: hexane 2:DCM 1 - hexane 1 : DCM 1 - 
hexane 1 : DCM 3. Yield: 2.16 g (90.7%) as yellow crystals. 1H NMR (400 MHz, CD2Cl2): M = 2.60 (s, 3H, -
S-CH3); 6.82 (d, 3JH-H=9.0 Hz, 2H, -Ar-o-H); 6.88 (s, 1H, =CH); 7.75 (d, 3JH-H=9.0 Hz, 2H, -Ar-m-H). 
13C{1H} NMR (101 MHz, CD2Cl2): M = 16.7 (-CH3); 106.8 (=CH); 115.5 (-Ar-o-C); 126.1 (-Ar-C1); 128.7 (-
Ar-m-C); 158.9 (-Ar-C-OH); 169.2 (-C-OH); 215.8 (-C=S). MS (DEI): m/z = 226, 179, 121. Elemental 
analysis: calculated for C10H10O2S2 C: 53.07%; H: 4.45%; S:28.34%, found: C: 53.52%; H: 4.52%; S: 
28.27%.
)'-$$"#$$ dithiocinnamic ethyl ester (L9).
Synthesis was performed according to general procedure 1, first step is similar to L7.
The 3’-TBDMS-acetophenone (5.0 g, 19.97 mmol) and CS2 (1.70 ml, 27.95 mmol) was dropped to the t-
BuOK (4.5 g, 39.93 mmol) solution. Ethyliodide (1.61 ml, 19.97 mmol) was used. Column chromatography 
mobile phase: DCM 2:hexane 1. Yield: 4.67 g (66.7%) as brown oil. 1H NMR (600 MHz, CDCl3): M = 0.22 
(s, 6H, -Si-(CH3)2); 0.99 (s, 9H, -C-(CH3)3); 1.37 (t, 3H, -S-CH2-CH3); 3.25 q, 2H, -S-CH2-); 6.85 (s, 1H, 
=CH); 6.96 (dd, 3JH-H=8.1 Hz, 1H, -Ar-p-H); 7.27 (t, 1H, -Ar-m-H); 7.34 (s, 1H, -Ar-o-H); 7.43 (d, 3JH-H=7.9 
Hz, 1H, -Ar-o-H); 15.11 (s, 1H, -C-OH). 13C{1H} NMR (101 MHz, CDCl3): M = -4.4 (-Si-(CH3)2); 12.9 (-S-
CH2-CH3); 18.2 (q, -C-(CH3)3); 25.6 (-C-(CH3)3); 27.8 (-S-CH2-); 107.9 (=CH); 118.2 (-Ar-o-C); 119.5 (-Ar-
5o-C); 123.5 (-Ar-p-C); 129.6 (-Ar-m-C); 135.7 (-Ar-C1); 156.0 (-Ar-m-C-O-); 169.0 (-C-OH); 216.4 (-C=S). 
MS (EI): m/z = 354, 293, 235, 211.
The 68(E /(?(-	>- dithiocinnamic ethyl ester (4.7 g, 13.2 mmol) was deprotected with TBAF (26.3 
ml, 26.3 mmol). Column chromatography mobile phase: hexane 2:DCM 1 - hexane 1 : DCM 1 - hexane 1 : 
DCM 3. Yield: 3.14 g (81.1%) as brown oil. 1H NMR (400 MHz, CD2Cl2): M = 1.37 (t, 3H, -S-CH2-CH3); 
3.26(q, 2H, -S-CH2-); 6.91 (s, 1H, =CH); 7.04 (d, 3JH-H=8.2 Hz, 1H, -Ar-p-H); 7.32 (t, 1H, -Ar-m-H); 7.34 (s, 
1H, -Ar-o-H); 7.42 (d, 3JH-H=8.2 Hz, 1H, -Ar-o-H); 15.14 (s, 1H, -C-OH). 13C{1H} NMR (101 MHz, 
CD2Cl2): M = 13.0 (-S-CH2-CH3); 28.3 (-S-CH2-); 108.2 (-Ar-o-C); 113.8 (=CH); 118.9 (-Ar-o-C); 119.5 (-
Ar-C1); 130.3 (-Ar-m-C); 136.0 (-Ar-p-C); 156.9 (-Ar-C-OH); 169.6 (-C-OH); 217.1 (-C=S). MS (DEI): m/z 
= 301, 214, 211, 179. Elemental analysis: calculated for C11H12O2S2 C: 54.97%; H: 5.03%; S: 26.68%, 
found: C: 55.25%; H: 5.02%; S: 27.02%.
4'-$$"#$$ dithiocinnamic ethyl ester (L10).
Synthesis was performed according to general procedure 1, first step is similar to L8. 
The 4’-TBDMS-acetophenone (5.0 g, 19.97 mmol) and CS2 (1.70 ml, 27.95 mmol) were dropped to the t-
BuOK (4.5 g, 39.93 mmol) solution. Ethyliodide (1.60 ml, 19.97 mmol) was used. Column chromatography 
mobile phase: DCM 2:hexane 1. Yield: 3.47 g (48.9%) as green oil. 1H NMR (400 MHz, CDCl3): M = 0.22 
(s, 6H, -Si-(CH3)2); 0.97 (s, 9H, -C-(CH3)3); 1.36 (q, 2H, -S-CH2-CH3); 3.25(q, 2H, -S-CH2-); 6.86 (d, 3JH-
H=8.9 Hz, 2H, -Ar-o-H); 6.87 (s, 1H, =CH); 7.78 (d, 3JH-H=8.8 Hz, 2H, -Ar-m-H); 15.19 (s, 1H, -C-OH). 
13C{1H} NMR (101 MHz, CDCl3): M = -4.4 (-Si-(CH3)2); 13.0 (-S-CH2-CH3); 18.2 (q, -C-(CH3)3); 25.6 (-C-
(CH3)3); 27.6 (-S-CH2-); 107.2 (=CH); 120.3 (-Ar-m-C); 126.9 (-Ar-o-C); 128.6 (-Ar-C1); 159.5 (-Ar-p-C-O-
); 196.9 (-C-OH); 214.9 (-C=S). MS (EI): m/z = 354, 293.
The 48(E /(?(-	>- dithiocinnamic methyl ester (3.02 g, 8.52 mmol) was deprotected with TBAF 
(17.1 ml, 17.1 mmol). Column chromatography mobile phase: hexane 2:DCM 1 - hexane 1 : DCM 1 - 
hexane 1 : DCM 3. Yield: 2.05 g (91.2%) as brown oil. 1H NMR (400 MHz, CD2Cl2): M = 1.37 (t, 3H, -S-
CH2-CH3); 3.26 (q, 2H, -S-CH2-); 6.91 (s, 1H, =CH); 6.92 (d, 3JH-H=9.0 Hz, 2H, -Ar-o-H); 7.81 (d, 3JH-H=9.0 
Hz, 2H, -Ar-m-H); 15.20 (s, 1H, -C-OH). 13C{1H} NMR (101 MHz, CD2Cl2): M = 13.9 (-S-CH2-CH3); 27.8 (-
CH2-); 106.9 (=CH); 115.8 (-Ar-o-C); 126.0 (-Ar-C1); 128.9 (-Ar-m-C); 159.8 (-Ar-C-OH); 170.1 (-C-OH); 
215.2 (-C=S). MS (DEI): m/z = 240, 179, 121. Elemental analysis: calculated for C11H12O2S2 C: 54.97%; H: 
5.03%; S: 26.68%, found: C: 55.06%; H: 4.97%; S: 26.73%.
"Hydroxy dithiocinnamic methyl ester (L11).
Synthesis was performed according to general procedure 1. Acetophenone (2.0 ml, 16.65 mmol) and CS2 
(1.41 ml, 23.30 mmol) were dropped to the t-BuOK (3.7 g, 33.23 mmol) solution. Methyliodide (1.04 ml, 
17.00 mmol) was used. Column chromatography mobile phase: DCM 1:hexane 1.5. Yield: 0.19 g (5.4%) as 
yellow crystals. 1H NMR (400 MHz, CDCl3): M = 2.59 (s, 1H, -S-CH3); 6.89 (s, 1H, =CH); 7.38 (m, 3H, -Ar-
o-H/ -Ar-p-H); 7.80 (m, 2H, -Ar-m-H); 15.02 (s, 1H, -C-OH). 13C{1H} NMR (101 MHz, CDCl3): M = 17.1 (-
S-CH3); 107.8 (=CH); 126.7 (-Ar-C1); 128.7 (-Ar-o-C); 131.9 (-Ar-m-C); 135.0 (-Ar-p-C); 169.2 (-C-OH); 
217.3 (-C=S). MS (EI): m/z = 240, 211, 210, 163, 135, 105, 91, 85, 77, 51, 45. Elemental analysis: 
calculated for C11H10OS2 C: 57.11%; H: 4.79%; S: 30.49%, found: C: 57.50%; H: 4.77%; S: 31.01%.
"Hydroxy dithiocinnamic ethyl ester (L12).
Synthesis was performed according to general procedure 1. Acetophenone (2.4 ml, 20.81 mmol) and CS2 
(1.80 ml, 29.13 mmol) were dropped to the t-BuOK (4.7 g, 41.62 mmol) solution. Ethyliodide (1.70 ml, 
20.81 mmol) was used. Column chromatography mobile phase: DCM 1:hexane 1. Yield: 3.15 g (67%) as 
green oil. 1H NMR (400 MHz, CDCl3): M = 1.38 (-S-CH2-CH3); 3.27 (q, 2H, -S-CH2-); 6.90 (s, 1H, =CH); 
7.46 (m, 3H, -Ar-o-H/ -Ar-p-H); 7.86 (m, 2H, -Ar-m-H); 15.16 (s, 1H, -C-OH). 13C{1H} NMR (101 MHz, 
CDCl3): M = 12.8 (-S-CH2-CH3); 27.8 (-S-CH2-); 107.7 (=CH); 126.5 (-Ar-C1); 128.6 (-Ar-o-C); 131.7 (-Ar-
m-C); 134.1 (-Ar-p-C); 169.4 (-C-OH); 216.3 (-C=S).MS (EI): m/z = 227, 224, 196, 163, 134, 105, 91, 85, 
77, 51. Elemental analysis: calculated for C11H12OS2 C: 58.89%; H: 5.39%; S: 28.58%, found: C: 58.69%; H: 
5.30%; S: 28.60%.

7Figure S2. Stability determination of L8 using 1H NMR spectroscopy, Conditions: 600 MHz, 37 °C, dmso-




Figure S3. UV–visible spectra of compound Pt1-Pt6 (1mM) in pure dmso (A) and in aqueous solutions 
containing 10% and 20% dmso (B). In panel C UV-Visible spectra of Pt3 (1mM) in solution containing 10% 




Figure S4. UV–visible spectra of 0.04 mM Pt1-Pt6 (panels A…F) in 10 mM PBS pH 7.4 (left) and 0.9% 
NaCl (right) followed each 10 minutes for 3 hours and upon 24 h.
11
Figure S5. Fluorescence quenching spectra of HEWL (0.1 mg x mL-1) with different concentrations of Pt1-
Pt6 upon excitation at VN;23 nm at 300 K in 10 mM sodium acetate pH 4.4 (1.4% dmso) Spectra collected 
after excitation at VN;PD nm are reported in Figure S6.
12
Figure S6. Fluorescence quenching spectra of HEWL (o.1 mg x mL -1) with different concentrations of Pt1-Pt6 upon excitation at 
295 nm at 300 K in 10 mM sodium actetate pH 4.4 (1.4% dmso).
Figure S7. Cartoon representation of the HEWL-Pt1 structure. The side chain of His15 and the Pt centre 
with its ligands are also shown as sphere.
13
Figure S8. 2Fo – Fc electron density maps of the Pt binding sites in the HEWL-Pt1 (panel A) and HEWL-
Pt2 (panel B) structures contoured at 1 W (blue) and 4 W (purple) obtained after model building and 
refinement. In panel C and D, anomalous electron density map of the Pt binding site in the two structures 
(contoured at 4.0 W gray) are also reported.
14
To verify the behavior of the compounds in the solution used to crystallize the adducts with HEWL, the 
absorption spectra of Pt1, in the absence and in the presence of HEWL, were registered in 1.1 M NaCl, 0.1 
M sodium acetate pH 4.0 (Figure S9). In these solutions, the concentration of dmso is less than 1%. Under 
these experimental conditions, the compounds completely degrade: when spectra collected after 24 h were 
compared to those obtained at t = 0 h, significant changes were observed. In the presence of the protein 
(Figure S9), the degradation process is even more rapid.
 
Figure S9. UV–visible time-course spectra of compound Pt1 (0.6 mM) in the crystallization conditions in 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Mean B-value (Å) 29.9 25.6 21.3 24.2
Ramachandran values
Most favoured (%) 97.4 91.3 97.6 95.0
Additional allowed (%) 2.6 8.7 2.4 5.0
Generously allowed (%) 0 0 0 0
Disallowed (%) 0 0 0 0
R.m.s.d. bonds (Å) 0.015 0.020 0.015 0.020
R.m.s.d. angles (°) 1.82 1.92 1.68 1.73
22
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[ppm] 8  7  6  5  4  3  2 
[ppm] 8  7  6  5  4  3 
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Synthesis, characterization and biological
investigation of platinum(II) complexes with
asparagusic acid derivatives as ligands†
Jana Hildebrandt,a,b Ralf Trautwein,a Daniel Kritsch,b Norman Häfner,b
Helmar Görls,a Matthias Dürst,b Ingo B. Runnebaum*b and Wolfgang Weigand *a
After more than 50 years of platinum-based anticancer research only three compounds are in clinical use
worldwide. The use of the well-known lead compound of this class of anticancer agents, cisplatin, is
limited by its side eﬀects and varying resistance mechanisms. Therefore, we report on platinum(II) com-




Since its first description as a molecule with anticancer activity
in the 1960s, cisplatin has acted as one of the major drugs in
chemotherapeutic treatment.1,2 The compound is mainly used
in the treatment of lung, head and neck, ovarian, bladder and
testicular cancer types.2–6 The drug application is limited by
several side eﬀects e.g. hepato-, nephro-, neuro- and ototoxicity
as well as several resistance mechanisms inside the human
body.3,7–10 Although there is a great research community
working on improving platinum(II) cancer agents, only two
additional molecules are approved worldwide, namely carbo-
platin and oxaliplatin.3,7,10,11 Carboplatin, developed in 1989,
is clinically used against advanced ovarian carcinomas,
whereas oxaliplatin has been well-implemented against meta-
static colorectal cancers since 2002.10,12,13 All three complexes
contain a square-planar platinum(II) core and on one side,
amine-ligands.11,13,14 The rational design of platinum(II) anti-
cancer agents putting eﬀective leaving groups on the other two
coordination sides seems to be an important characteristic. In
the case of cisplatin the molecule exhibits two chlorido
ligands, whereas carboplatin and oxaliplatin have O,O-biden-
tate ligands. Inside the cell, these ligands can be substituted
with aqua-complexes which are able to bind to the genomic
DNA.9,15–17 This interaction with the DNA results in a distor-
tion of the dsDNA structure and erroneous DNA replication
and leads to apoptosis of the proliferating cells.9 Although this
previously described mechanism is well accepted as the mecha-
nism of action, more and more publications additionally concen-
trate on the understanding of the bioavailability of the drug after
i.v. application. Importantly, the potential interaction with other
molecules will just lead to the inactivation of cisplatin.18–20 Many
compounds are designed to follow cisplatin’s mechanism of
action and target the DNA, although the eﬀectiveness of com-
pounds is likely reduced by resistance mechanisms i.e. those
mediated by the DNA repair enzymes removing the platinum-
adducts from the DNA.9 Additionally, more than 50 years of
research did not identify a drug superior to cisplatin. Thus, new
strategies for drug design should be investigated.3,10 Therefore,
other researchers developed compounds for interaction with
other, so-called non-classical targets, e.g. proteins and
enzymes.6,7,14,21 These complexes do not follow the “basic rules”
for platinum-based anticancer compounds but some of them
exhibit acceptable anticancer activity.6,7,22,23
Asparagusic acid
Natural products are of high interest for medicinal appli-
cations. Sulfur-containing metabolites exemplify one group of
such compounds with biological activities influencing human
health.24 Next to metabolites, small sulfur-containing com-
pounds like glutathione also have important physiological
roles.25 Asparagusic acid is a sulfur-containing five membered
heterocyclic ring (1,2-dithiolane-4-carboxylic acid) with a car-
boxylic acid function which is unique to asparagus from which
it was isolated first in 1948.26–28 The structure is close to that
of α-lipoic acid which can act as a co-factor for e.g. pyruvate
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multienzyme and is often compared regarding its activity and
chemical behavior to this molecule.27,29,30 The reactivity of the
disulfide moieties is essential for mechanisms in biology, bio-
chemistry, medicinal chemistry, organic synthesis, catalysis,
coordination chemistry and materials science.29–38 This con-
templation supplemented with the wide range of observed
medicinal properties for this compound leads to high interest
in asparagusic acid and its analogues for medicinal chemists.
The pharmacological properties of ingredients of asparagus
are numerous and the research on that increased in the last
few years.24,25,27,28,39,40 Concentrating on asparagusic acid
itself, several useful characteristics have been observed: anti-
cancer, antioxidant, antifungal, antibacterial, anti-dysenteric,
anti-inflammatory, anti-abortifacient, anti-oxytocic, antiulcer
and anticoagulant activities, and it should reduce the risk of
rheumatism and diabetes.27,39 These observations are based
on the knowledge that asparagusic acid acts as a growth-
inhibitor on higher plants as well as it prevents plants from
fungal-growth, which has been observed already in the
1970s.27,41 Important for medicinal applications of asparagu-
sic acid and its analogues or modified compounds is the cellu-
lar uptake which is well-identified as a thiol-mediated
mechanism. Asparagusic acid uptake is mediated by binding
to a cysteine molecule on the surface of the transferrin
receptor.42,43 These facts and the ability to synthesize metal-
complexes with dithiolato and diselenolato ligands (see below)
form the basis for the design of our compounds discussed in
this publication.
Platinum(II) complexes with S/Se and P containing ligands
In 2010 Siemeling et al. reported on the oxidative addition of
platinum(0) complexes to asparagusic acid along the sulfur–
sulfur bond.36 We reported previously and later on this kind of
reaction to build dithiolato platinum(II) compounds with phos-
phane ligands.44–50 Because it is already well-known how to
synthesize platinum(II) complexes with sulfur and selenium
based ligands some researchers focus on the anticancer
activity of these groups of metal complexes.51–61 In general,
most researchers found high IC50 values for sulfur-containing
platinum(II) complexes in comparison to cisplatin, but results
proving higher cytotoxic activity were identified for the sel-
enium-containing species.52,55,57,62 Fuks et al. reported in 2010
on a comparison study between platinum(II) complexes with
sulfur or selenium containing ligands showing that the sel-
enium compound was the most promising on HeLa cervical
carcinoma cells.55 Next to sulfur phosphor donor ligands also
form strong and inert bonds with the platinum(II) ion.59,63
Therefore, several phosphane containing platinum(II) com-
plexes are known in the literature.64–74 Several publications
examine the cytotoxic activity of these kinds of compounds,
and most of them have a higher IC50 value compared to cispla-
tin.67,69,70,74 Nevertheless, some publications show lower IC50
values for their compounds compared to that of cisplatin on
resistant-cell lines pointing to a diﬀerent mechanism of
action overcoming the resistance mechanisms.65,66,70,75
Concentrating on the structure–activity-relationships of these
compounds Ramos-Lima et al. found that the replacement of
amine ligands by phosphanes results in lower IC50 values.
Moreover the PPh3 containing complexes are more active than
those with PMe2Ph-ligands because of their steric eﬀects.
73 In
2011 the synthesis and cytotoxic activity of 14 diﬀerent
platinum(II) compounds with the PtP2S2 pharmacophore have
been published.59 Researchers observed high IC50 values on
the cell line A2780 in comparison to cisplatin for their phos-
phane platinum(II) complexes. Also the simple PtCl2(PPh3)2
which acts as a starting compound for many platinum(II) com-
plexes exhibits very low cytotoxic activity.59,67 Interestingly, the
resistance ratio for these PtP2S2 complexes was much lower
than that for cisplatin, caused by lower IC50 values on resistant
cell lines compared to cisplatin itself. To point out, the IC50
value for cisplatin on A2780cis/r is 17.1 whereas the average
resistant ratio of all eight analyzed compounds is 1.9 (range
from 1.5 to 3.0).59 This may be a consequence of circumvent-
ing the resistance mechanisms proving the relevance of this
group of compounds despite the fact that their IC50 values are
in general very high. The most promising phosphane ligand in
this previous work has been PPh3, because of the best resis-
tance factor. Therefore, we focus in our work on the (PPh3)2Pt
group with dichalcogenolato ligands. Due to the biological
relevance of asparagusic acid, this kind of structure completes
our platinum-complexes to generate compounds with lower
IC50 values than cisplatin. It can be expected that they have the
same eﬀects on the resistance factors, as previously described
by Mügge et al. In addition, as described above, selenium con-
taining complexes result in low IC50 values in comparison to
sulfur containing ones. Thus, the aim of this study was to
compare sulfur and selenium containing compounds as well
as the mixed ones. To the best of our knowledge, this has not
been discussed before. To shed light on the biological activity of
the above discussed complexes we designed seven platinum(II)
compounds with four diﬀerent asparagusic acid derivatives and
dppma, whereas dppma is bis(diphenylphosphino)methyl-
amine or PPh3 ligands. These compounds were tested on
cisplatin sensitive and resistant cell lines.
Results and discussion
Synthesis and characterization
For Pt2, Pt4 and Pt6, the first step is the preparation of
(dppma)PtCl2 starting from (COD)PtCl2 which was prepared by
adding COD (1,5-cyclooctadiene) to K2PtCl4 as described in the
literature.76,77 General synthesis of Pt1–Pt7 is described in
Scheme 1. For the dithiolate compounds Pt1 and Pt2
(Scheme 1a), the first step is the deprotonation of both SH
groups at the dihydroasparagusic acid with K2CO3. In a next
step the corresponding PtCl2L2 (L = PPh3 or 12 dppma, for more
information see Scheme 1) component is added to the solu-
tion of the deprotonated diasparagusic acid in CHCl3/EtOH,
followed by stirring at room temperature for 16 hours. After
the addition of an aqueous solution of KHSO4 (c = 2 mol L
−1),
the crude product is purified by column chromatography (see
Dalton Transactions Paper




























































the Experimental section). Another option for the preparation
of Pt1/Pt2 as well as for all other Pt(II) compounds (Pt3–Pt7) is
to start with the asparagusic acid derivatives L1–L4. The first
step is reduction to a dianionic species using NaBH4 followed
by removal of unreacted NaBH4 with an aqueous solution of
HCl and addition of K2CO3 to adjust the pH value. Next steps
are similar to those described above: addition of PtCl2L2 (L =
PPh3, dppma), stirring overnight and work up steps (see the
Experimental section).
The compounds are characterized by NMR spectroscopy,
mass spectrometry and elemental analysis (see the
Experimental section). The 31P{1H}NMR spectrum of Pt1
shows one singlet at 26.3 ppm with the corresponding 195Pt-
satellites as well as for Pt6 at 34.0 ppm with 195Pt- as well as
77Se-satellites (2JSe–P = 34.6 Hz). The unsymmetrically substi-
tuted S/Se platinum(II) compounds Pt3 and Pt4 show a typical
AB spin system in the 31P{1H} NMR spectra. Mass spectra show
the molecular peak as well as the characteristic isotopic
pattern for compounds Pt1, Pt3, Pt5 and Pt7 with the PPh3
ligand. All of them show the fragment m/z = 720 in the Micro-
ESI pos. spectrum, which can be detected as a loss of the
asparagusic acid derivative. For the dppma containing com-
pounds Pt2 and Pt6 their molecular peaks are observed as well
as characteristic isotopic patterns. Compound Pt4 has been
characterized only by NMR spectroscopic methods.
Platinum(II) complexes Pt1 and Pt7 (Fig. 1) are characterized
by means of single crystal X-ray structure determination.
Molecular structures of the ligands L2 and L3 were discussed
previously.78 For compound Pt7 are at least two independent
molecules in the unit cell but just one is shown and discussed
because bond lengths and angles are very similar. All of them
are in the same range like those reported earlier.36,44,59 In both
structures platinum(II) atoms reside in a slightly distorted
square-planar coordination sphere similar to those reported
previously.44,59 Because of the steric demand of the PPh3
ligands the P1–Pt–P2 angle is, in both cases, larger than 90°
(99.96°(5) for Pt1 and 97.38°(5) for Pt7), contrary to angles
reported for the platinum(II) compounds by Mügge et al.,
which show P–Pt angles typically for the dppe ligand of ∼85°.
The S1/Se1–Pt–S2/Se2 angles are close to 90°. The two Pt–P
bond lengths are slightly longer (∼2.28 Å) than those which
were published previously (∼2.25 Å).59 The angles P1–Pt–S1,
P2–Pt–S2, P1–Pt–Se1, are P2–Pt–Se2 are between 81° and 90°.
The bond lengths of the corresponding X/Y to platinum(II) are
longer for Pt7 than for Pt1 (for example S1–Pt 2.3375(13) and
Se1–Pt 2.4427(5)). The carboxylic function of Pt1 forms inter-
molecular hydrogen bonds with another unit (Fig. 1) leading
to a dimeric structure in the crystal.
Biological activity
The IC50 values of all platinum(II) complexes were determined
with the MTT-assay (see the Experimental section for further
conditions) on two diﬀerent ovarian carcinoma cell lines
SKOV3 and A2780 (par – parental) as well as on their cisplatin-
resistant analogues (SKOV3cis and A2780cis; see the
Experimental section for preparation details).79 Cisplatin acts
as a reference and IC50 values were determined under the
same conditions for platinum(II) compounds. Determined IC50
values (Table 1) for cisplatin confirmed significantly higher
Scheme 1 Synthesis and overview of the platinum(II) complexes Pt1–
Pt7 with their corresponding asparagusic acid derivatives as ligands L1–
L7. Pt1 was ﬁrst published by Siemeling et al.36 Reagents and conditions:
a (for Pt1/Pt2): (i) 1 equiv. dihydroasparagusic acid, 4 equiv. K2CO3,
10 ml EtOH, r.t.; (ii) 1 equiv. PtCl2L2, 10 ml CHCl3, r.t., 16 h; (iii) KHSO4; b
(for Pt1–Pt7): (i) 1.05 equiv. corresponding ligand, 3.15 equiv. NaBH4,
10 ml EtOH, r.t., 10 min; (ii) 0.5 M HCl, r.t., 5 min; (iii) K2CO3, 1 equiv.
PtCl2L2, 10 ml CHCl3, r.t., 16 h; (iv) KHSO4.
Fig. 1 Left: Molecular structures of Pt1 in the crystal. Middle: Dimeric unit of Pt1 in the crystal, displaying intermolecular hydrogen bonding. Ellipsoids
are drawn at 50% probability level, hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) and angels (°): P1–Pt 2.2847(13), P2–Pt
2.2925(12), S1–Pt 2.3375(13), S2–Pt 2.3472(13), C1–S1 1.818(6), C3–S2 1.822(5), P1–Pt–P2 99.96(5), P1–Pt–S1 88.75(5), S1–Pt–S2 90.09(4), P2–Pt–S2
81.09(5), C1–S1–Pt 107.60(19), C3–S2–Pt 103.09(19). Right: Molecular structures of Pt7 in the crystal. Only one of the two individual molecules
present in the asymmetric unit is shown. Ellipsoids are drawn at 50% probability level, and hydrogen atoms have been omitted for clarity. Selected
bond lengths (Å) and angels (°): P1–Pt 2.2351(14), P2–Pt 2.2866(13), Se1–Pt 2.4427(5), Se2–Pt 2.4733(6), C1–Se1 1.962(5), C3–Se2 1.971(6), P1–Pt–P2
97.38(5), P1–Pt–Se1 88.32(3), Se1–Pt–Se2 90.23(2), P2–Pt–Se2 84.12(4), C1–Se1–Pt 107.02(16), C3–Se2–Pt 101.09(19).
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values for the cisplatin-resistant analogues of both cell lines.
Parental SKOV3 and A2780 show higher cytotoxic activity of cis-
platin in comparison to Pt1–Pt7. Interestingly, whereas IC50
values for cisplatin increase in SKOV3cis and A2780cis cells,
IC50 is not increasing for most of the platinum(II) complexes
with asparagusic acid derivatives. Contrarily, in some cases
IC50 values decrease in a significant way. Similar results have
been shown under the same conditions for our latest pub-
lished platinum(II) complexes with sulfur- and oxygen-contain-
ing ligands.80 Compound Pt2 shows for SKOV3 an IC50 value
of 22.0 (±0.2) μM but SKOV3cis exhibits a significantly lower
IC50 value of 12.2 (±2.3) μM. Also compound Pt7 has an
increased influence on SKOV3cis and A2780cis in comparison
to SKOV3 and A2780 (see Table 1). This results in improved
resistant factors (RF). Cisplatin shows RF 3.6 (SKOV3) and 4.7
(A2780) whereas the investigated compounds resulted in a RF
near to 1, Table 1. Previously reported results of sulfur contain-
ing platinum(II) compounds showed for A2780 and its resist-
ant-analogue that these molecules exhibit a higher IC50 value
on the resistant cell line than on the sensitive one.59 This is
also observable for Pt1 and Pt2 (Table 1). IC50 values for most
of our compounds are in the same range than those already
reported.59 Nevertheless, herein we used diﬀerent incubation
times (48 h to 72 h) pointing to a higher cytotoxic activity of
our complexes. The best results are detected for selenium-con-
taining compounds Pt6 and Pt7, both of them show lower IC50
values on resistant cell lines than cisplatin and Pt7 shows
lower IC50 values for the resistant cell lines than for the sensi-
tive ones. This means that complex Pt7 exhibits an increased
cytotoxic activity for resistant tumour cells in comparison to
the parental, sensitive carcinoma cells. To conclude, we can
confirm from the previously published results that these kinds
of compounds show good RF, that Se/Se-containing platinum(II)
complexes show a higher activity than sulfur containing ones
and we can add the fact that especially Pt7 is a promising
candidate to target resistant cell lines.55,59
An overview of all IC50 values, the mean IC50 for the com-
pounds and their properties are given in Fig. 2. This overview
depicts some SARs of the compounds. As mentioned before
Pt7, with a Se–Se ligand, is the most active compound and has
a mean IC50 value of 6.09 μM which is comparable to that of
cisplatin (mean IC50 value 6.18 μM). Interestingly, also the
second most active compound Pt6 contains a Se/Se ligand.
Moreover, the hydrophobicity of the residue R may play an
important role. Pt7 is more active than Pt5 despite the identi-
cal structure except the residues (–COO–Et vs. –H and –COOH).
Table 1 IC50 values for Pt1–Pt7 on ovarian carcinoma cell lines SKOV3,
A2780 and their cisplatin-resistant analogues SKOV3cis and A2780Cis.










Pt1 5.5 (±1.3) 23.5 (±1.8) 9.8 (±1.6) 11.8 (±0.9)
RF(Pt1) 4.3 1.2
Pt2 22.0 (±0.2) 12.2 (±2.3) 11.7 (±1.6) 16.1 (±1.7)
RF(Pt2) 0.6 1.4
Pt3 17.8 (±5.2) 18.7 (±3.7) 9.7 (±2.7) 16.0 (±1.9)
RF(Pt3) 1.1 1.6
Pt4 n.m. n.m. n.m. n.m.
RF(Pt4) — —
Pt5 13.7 (±6.6) 15.9 (±2.1) 5.4 (±2.4) 17.0 (±4.5)
RF(Pt5) 1.2 3.1
Pt6 9.8 (±1.8) 12.2 (±6.4) 5.0 (±3.5) 5.4 (±1.9)
RF(Pt6) 1.2 1.1
Pt7 6.3 (±0.9) 4.3 (±1.4) 7.8 (±0.9) 5.9 (±1.6)
RF(Pt7) 0.7 0.8
CDDP 3.8 (±2.8) 13.5 (±4.4) 1.3 (±0.2) 6.1 (±2.1)
RF (CDDP) 3.6 4.7
Fig. 2 IC50 values for the platinum(II) complexes ordered by rising mean IC50 (calculated with all four IC50 values per substance) and the character-
istics of the compounds. The strength of the SARs for the diﬀerent characteristics is depicted on the right.
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The most active compounds harbour either PPh3 (Pt7) or dppma
(Pt6) as ligands pointing to a slightly higher activity of PPh3.
Nevertheless, the ligand seems not to be able to break the
superior role of the asparagusic acid structure (Se vs. S) as Pt1
(PPh3, S–S) is less active compared to Pt6 (1/2 dppma, Se–Se).
Conclusions
The investigated platinum(II) complexes containing dichalco-
genolato ligands were all characterized using NMR spec-
troscopy, MS spectrometry and elemental analysis. Pt1 and Pt7
were characterized in addition to X-ray diﬀraction analysis
showing a slightly distorted square-planar coordination sphere
for the platinum(II) atom. All of these compounds were tested
with MTT-assays for their cytotoxic behaviour. Albeit the com-
pounds do not show a higher activity as Cisplatin against the
tested sensitive ovarian cancer cell lines, the data suggest that
some compounds are able to specifically target resistant cell
lines under the tested conditions. For the cell line SKOV3cis
the compounds Pt2, Pt6 and Pt7 have a lower IC50 value than
cisplatin; for A2780cis this is observable for the compounds
Pt6 and Pt7. To point out Pt7 shows a high cytotoxic activity on
all four cancer cell lines and lower IC50 values for the two cis-
platin-resistant cell lines. In SKOV3cis for example the IC50 is
significantly lower than that for cisplatin (4.3 ± 1.4 μM in com-
parison to 13.5 ± 4.4 μM, respectively). Therefore, this com-
pound should be validated as a substitute for cisplatin in the
treatment of resistant tumours. High resistance factors (RF
IC50 resistant/IC50 sensitive) for CDDP (3.6 and 4.7 for A2780
and SKOV3) reflect the resistance status for cisplatin, whereas
the RF values for substances Pt1–Pt7 are lower. For Pt7 and
Pt2 it is, as described above, lower than 1. This indicates that
the platinum(II) compounds with asparagusic acid derivatives
as ligands are not detoxified by the same resistance mecha-
nisms as cisplatin in the resistant cell lines. Moreover, some
platinum(II) compounds (i.e. Pt7) may specifically target cells
with cisplatin resistance associated aberrations because of
lower IC50 values on resistant cell lines than on sensitive ones.
Experimental section
General
If not otherwise mentioned, all reactions were carried out
under a dry nitrogen or argon atmosphere using standard
Schlenk techniques. The reagents were purchased from Acros,
Fisher Scientific, Merck, Umicore or Aldrich and were used
without further purification. Solvents were dried according to
common procedures prior to use. 1H, 13C{1H} and 31P{1H}
NMR spectra were recorded on either a Bruker Avance 200,
Bruker Avance 400 or Bruker Avance 600 NMR spectrometer.
1H77Se HMBC NMR measurements were performed on a
Bruker Avance 400 NMR spectrometer. The NMR spectra were
calibrated with respect to the signal of the residual protons
(1H) or the signal of the deuterated solvent (13C). For 31P{1H}
and 1H 77Se HMBC NMR spectra 85% H3PO4 and Me2Se was
used as an external standard, respectively. Mass spectra were
recorded with a Finnigan MAT SSQ 710 instrument. Elemental
analysis was performed with a Leco CHNS-932 apparatus.
Silica gel 60 (0.015–0.040 mm) was used for column chromato-
graphy and TLC was performed using Merck TLC aluminium
sheets (Silica Gel 60 F254).
Preparation of the platinum(II) complexes
Method A. One equivalent of dihydroasparagusic acid was
dissolved in ethanol (10 ml for 0.1 mmol) and a fourfold
excess of an aqueous solution of K2CO3 was added. After stir-
ring for 5 minutes one equivalent of a [PtP2Cl2] suspension in
chloroform was added and stirred overnight. The resulting
yellow solution was acidified with an aqueous KHSO4 solution
and extracted with CHCl3 three times. Before removal of the
solvent, the combined organic phases were washed with water
and dried with Na2SO4. Purification of the crude product by
column chromatography using dichloromethane/acetone (5 : 1)
gave the complexes after precipitation from chloroform/hexane
as slight yellow solids.
Method B. The cyclic 1,2-dichalcogenolane derivatives (1.05
equivalents) were suspended in ethanol (10 ml for 0.1 mmol).
After addition of 3.15 equivalents NaBH4 and stirring for
10 minutes the resulting clear solution was acidified with
diluted hydrochloric acid and then treated with aqueous
K2CO3 to deprotonate the intermediately occurring dichalco-
genolate. To this solution a suspension of [PtCl2L2] (one equi-
valent) in chloroform was added and stirred overnight. After
treatment with aqueous KHSO4 the mixture was extracted with
chloroform three times and the combined organic phases were
washed with water and dried with Na2SO4, followed by removal
of the solvent under reduced pressure. Subsequent column
chromatography with dichloromethane/acetone (5 : 1) as the
mobile phase and precipitation from chloroform/n-hexane
gave the complexes as yellow powders.
[Pt(dppma)Cl2]
81
In a Schlenk flask 0.498 g (1.331 mmol) of [Pt(cod)Cl2] was dis-
solved in 70 mL of CHCl3 and 532 mg (1.331 mmol) dppma
was added. The mixture was stirred overnight at room tempera-
ture and reduced to 5 mL, resulting in the formation of a
white precipitate. This was filtered oﬀ, washed with a small
amount (1 mL) of CHCl3 and dried in vacuo. Yield: 0.610 g
(69%) white powder.
[Pt(1,2-dithio-4-carboxylic acid)(PPh3)2] (Pt1)
This compound was prepared according to method A using
30 mg (0.20 mmol) dihydroasparagusic acid and 111 mg
(0.80 mmol) [Pt(PPh3)Cl2]. Yield: 50 mg (0.057 mmol, 29%)
1H-NMR (400 MHz, CDCl3): δ = 3.02–3.44 (m, 5 H, HOOC–CH
and S–CH2), 7.14 (m, 12 H, o-CH), 7.28 (m, 6 H, p-CH), 7.40 (m,
12 H; m-CH) ppm; 13C{1H}-NMR (100.6 MHz, CDCl3): δ = 25.79
(s, S–CH2), 46.38 (s, HOOC–CH), 127.69 (m, m-CH), 130.41 (s,
p-CH), 134.69 (m, o-CH), 177.52 (s, COOH) ppm, i-CH not
detected; 31P{1H}-NMR (81 MHz, CDCl3): δ = 26.26 (s with
Paper Dalton Transactions




























































195Pt-satellites, 1JPt–P = 2887 Hz) ppm; MS (ESI): 892 [M + Na]
+
870 [M + H]+ 720 [M − Asp]+; C40H36O2P2PtS2 (869.868 g mol
−1):
calcd C 55.23, H 4.17, S 7.37; found C 54.36, H 4.39, S 7.34.
[Pt(1,2-dithio-4-carboxylic acid)(dppma)] (Pt2)
This compound was prepared according to method A using
30 mg (0.20 mmol) dihydroasparagusic acid and 122 mg
(0.20 mmol) [Pt(dppma)Cl2]. Yield: 28 mg (0.038 mmol, 19%)
1H-NMR (400 MHz, CDCl3): δ = 2.42 (t,
3JP–H = 10.2 Hz; 3 H;
N–CH3), 2.91–3.37 (m, 5 H, HOOC–CH and S–CH2), 7.42–7.53
(m, 12 H, o-CH and p-CH), 7.66 (m, 8 H, m-CH) ppm; 13C{1H}-
NMR (100.6 MHz, CDCl3): δ = 24.19 (s, S–CH2), 33.10 (s,
N–CH3), 49.56 (s, HOOC–CH), 129.11 (m, m-CH), 132.31 (s,
p-CH), 132.44 (s, p-C‘H), 132.77 (m, o-CH), 133.10 (m, o-C’H),
177.54 (s, COOH) ppm, i-CH not detected; 31P{1H}-NMR
(81 MHz, CDCl3): δ = 37.19 (s with
195Pt-satellites, 1JPt–P = 2478
Hz) ppm; MS (ESI): 767 [M + Na]+ 745 [M + H]+;
C29H29NO2P2PtS2 (744.702 g mol
−1): calcd C 46.77, H 3.93,
N 1.88; S 8.61; found C 46.87, H 3.95, N 1.88; S 8.73.
[Pt(1,2-Thiaselenolane-4-carboxylic acid)(PPh3)2] (Pt3)
This compound was prepared according to method B using
41 mg (0.21 mmol) monoselenoasparagusic acid, 24 mg
(0.63 mmol) NaBH4 and 158 mg (0.20 mmol) [Pt(PPh3)Cl2].
Yield: 56 mg (0.061 mmol, 31%) 1H-NMR (400 MHz, CDCl3):
δ = 3.12–3.46 (m, 5 H, HOOC–CH, S–CH2 and Se–CH2), 7.15
(m, 12 H, o-CH), 7.29 (m, 6 H, p-CH), 7.43 (m, 12 H, m-CH)
ppm; 13C{1H}-NMR (100.6 MHz, CDCl3): δ = 17.10 (s, Se–CH2),
29.29 (s, S–CH2), 45.59 (s, HOOC–CH), 127.51 (m, m-CH),
127.72 (m; m-CH), 130.38 (s, p-CH), 134.4–134.9 (m, o-CH),
177.21 (s, COOH) ppm, i-CH not detected; 31P{1H}-NMR
(81 MHz, CDCl3): δ = 22.53 (d with
195Pt-satellites, 2JP–P =
19.4 Hz, 1JPt–P = 2896 Hz), 24.89 (d with
195Pt-satellites, 2JP–P =
19.5 Hz, 1JPt–P = 2907 Hz) ppm;
1H–77Se-HMBC (400/76.3 MHz,
CDCl3): 67 (m; 1 Se; Pt–Se); MS (ESI): 917 [M]
+ 720 [M − Asp]+;
C40H36O2P2PtSeS (916.763 g mol
−1) calcd C 52.40, H 3.96,
S 3.50; found C 51.33, H 4.38, S 4.04.
[Pt(1,2-Thiaselenolane-4-carboxylic acid)(dppma)] (Pt4)
This compound was prepared according to method B using
41 mg (0.21 mmol) monoselenoasparagusic acid, 24 mg
(0.63 mmol) NaBH4 and 133 mg (0.20 mmol) [Pt(dppma)Cl2].
1H-NMR (400 MHz, CDCl3): δ = 2.46 (t,
3JP–H = 10.2 Hz, 3 H,
N–CH3), 3.07–3.38 (m, 5 H, HOOC–CH, S–CH2 and Se–CH2),
7.45–7.58 (m, 12 H, o-CH and p-CH), 7.70 (m, 8 H, m-CH) ppm;
13C{1H}-NMR (100.6 MHz, CDCl3): δ = 13.21 (s, Se–CH2), 26.50 (s,
S–CH2), 48.41 (s, HOOC–CH), 129.0 (m, m-CH), 130.38 (s, p-CH),
132.2–133.2 (m, o-CH), 177.29 (s, COOH) ppm, i-CH not detected;
31P{1H}-NMR (81 MHz, CDCl3): δ = 33.87 (d with
195Pt-satellites,
2JP–P = 50.3 Hz,
1JPt–P = 2503 Hz), 37.21 (d with
195Pt-satellites,
2JP–P = 50.3 Hz,
1JPt–P = 2439 Hz) ppm;
1H–77Se-HMBC
(400/76.3 MHz, CDCl3): 573.5 (m; 1 Se; Pt–Se).
[Pt(1,2-Diselenolane-4-carboxylic acid)(PPh3)2] (Pt5)
This compound was prepared according to method B using
51 mg (0.21 mmol) diselenoasparagusic acid, 24 mg
(0.63 mmol) NaBH4 and 158 mg (0.20 mmol) [Pt(PPh3)Cl2].
Yield: 63 mg (0.065 mmol, 33%); 1H-NMR (200 MHz, CDCl3):
δ = 3.10–3.45 (m, 5 H, HOOC–CH and Se–CH2), 7.15 (m, 12 H,
o-CH), 7.29 (m, 6 H, p-CH), 7.45 (m, 12 H, m-CH) ppm;
13C{1H}-NMR (50.3 MHz, CDCl3): δ = 25.79 (s, Se–CH2), 44.54
(s, HOOC–CH), 127.52 (m, m-CH), 130.31 (s, p-CH), 134.73 (m,
o-CH); 177.28 (s, COOH) ppm, iCH not detected, SeCH2: n.z.;
1P{1H}-NMR (81 MHz, CDCl3): δ = 21.51 (s with
195Pt-satellites
and 77Se-satellites; 1JPt–P = 2923 Hz,
2JSe–P = 49.3 Hz) ppm; MS
(DEI): 961 [M]+ 719 [M − Asp]+; C40H36O2P2PtSe2·14
CHCl3 (993 503 g mol
−1) calcd C 48.66, H 3.68; found C 48.58,
H 3.51.
[Pt(1,2-Diselenolane-4-carboxylic acid)(dppma)] (Pt6)
This compound was prepared according to method B using
51 mg (0.21 mmol) diselenoasparagusic acid, 24 mg
(0.63 mmol) NaBH4 and 133 mg (0.20 mmol) [Pt(dppma)Cl2].
Yield: 85 mg (0.101 mmol, 51%); 1H-NMR (400 MHz, CDCl3):
δ = 2.44 (t, 3JP–H = 10.4 Hz, 3 H, N–CH3), 3.10–3.35 (m, 5 H,
HOOC–CH and Se–CH2), 7.49 (m, 8 H, o-CH), 7.55 (m, 4 H,
p-CH), 7.71 (m, 8 H, m-CH) ppm; 13C{1H}-NMR (100.6 MHz,
CDCl3): δ = 16.31 (s, Se–CH2), 33.28 (s, N–CH3), 47.57 (s,
HOOC–CH), 129.07 (m, m-CH), 132.28 (s, p-CH), 132.34 (s,
p-C‘H), 132.81 (m, o-CH), 132.98 (m, o-C’H), 177.54 (s, COOH)
ppm, i-CH not detected; 31P{1H}-NMR (81 MHz, CDCl3): δ =
33.98 (s with 195Pt-satellites and 77Se-satellites, 1JPt–P = 2465
Hz, 2JSe–P = 34.6 Hz) ppm; MS (ESI): 839 [M]
+;
C29H29NO2P2PtSe2·14 CHCl3 (868.336 g mol
−1) calcd C 40.46,
H 3.40, N 1.61; found C 40.85, H 3.28, N 1.19.
[Pt(1,2-Diselenolane-diethylester)(PPh3)2] (Pt7)
This compound was prepared according to method B using
110 mg of the ligand mixture, 18 mg (0.47 mmol) NaBH4 and
119 mg (0.15 mmol) [Pt(PPh3)Cl2]. Yield: 86 mg (0.081 mmol,
54%); 1H-NMR (200 MHz, CDCl3): δ = 1.11 (t,
3JH–H = 7.2 Hz,
6 H, CH2–CH3), 3.59 (d with
195Pt-satellites, 3JPt–H = 46 Hz, 4 H,
Se–CH2), 7.09 (m, 12 H, o-CH), 7.23 (m, 6 H, p-CH), 7.41 (m, 12
H, m-CH) ppm; 13C-NMR (100.6 MHz, CDCl3): 13.95 (s, CH3),
23.55 (s, SeCH2), 58.97 (s, SeCH2–C), 60.89 (s, CH3–CH2),
127.30 (m, m-CH), 129.94 (s, p-CH), 130.80 (m, i-C), 134.66 (m;
o-CH) ppm; 31P{1H}-NMR (81 MHz, CDCl3): δ = 22.09 (s with
195Pt-satellites and 77Se-satellites, 1JPt–P = 2902 Hz,
2JSe–P = 47.5
Hz) ppm; 1H–77Se-HMBC (400/76.3 MHz, CDCl3): δ = 85.5 (m,
Se–CH2) ppm; MS (ESI): 1063 [M]
+, 719 [M − Asp]+;
C45H44O4P2PtSe2 (1063.75 g mol
−1) calcd C 50.81, H 4.17;
found C 50.78, H 4.24.
Crystal structure determination
The intensity data were collected on a Nonius KappaCCD dif-
fractometer, using graphite-monochromated Mo-Kα radiation.
Data were corrected for Lorentz and polarization eﬀects;
absorption was taken into account on a semi-empirical basis
using multiple-scans.82–84
The structure was solved by direct methods (SHELXS83) and
































































The hydrogen atoms bonded to the sulfur ligand of Pt1
were located by diﬀerence Fourier synthesis and refined isotro-
pically. All other hydrogen atoms were included at calculated
positions with fixed thermal parameters. All non-hydrogen
atoms were refined anisotropically.85
Crystal data for Pt1. C40H36O2P2PtS2, CHCl3, Mr = 989.21
g mol−1, colourless prism, size 0.122 × 0.112 × 0.108 mm3,
monoclinic, space group C2/c, a = 27.8130(5), b = 19.4794(3),
c = 19.1878(3) Å, β = 130.220(1)°, V = 7937.8(2) Å3, T = −140 °C,
Z = 8, ρcalcd = 1.655 g cm
−3, μ (Mo-Kα) = 39.59 cm
−1, multi-
scan, transmin: 0.5671, transmax: 0.7456, F(000) = 3920,
23 970 reflections in h(−36/28), k(−25/25), l(−24/24), measured
in the range 2.09° ≤ Θ ≤ 27.48°, completeness Θmax = 99.7%,
9075 independent reflections, Rint = 0.0526, 7484 reflections
with Fo > 4σ(Fo), 484 parameters, 0 restraints, R1obs = 0.0425,
wR2obs = 0.0799, R1all = 0.0591, wR2all = 0.0864, GOOF = 1.085,
largest diﬀerence peak and hole: 1.136/−1.364 e Å−3.
Crystal data for Pt7. C45H44O4P2PtSe2, 0.5·C7H8, Mr =
1109.82 g mol−1, yellow prism, size 0.05 × 0.05 × 0.05 mm3,
monoclinic, space group P21/n, a = 21.7853(3), b = 15.5909(3),
c = 26.9714(4) Å, β = 105.2560(10)°, V = 8838.1(2) Å3, T =
−90 °C, Z = 8, ρcalcd = 1.668 g cm
−3, μ (Mo-Kα) = 49.38 cm
−1,
multi-scan, transmin: 0.6571, transmax: 0.7456, F(000) = 4376,
63 123 reflections in h(−28/28), k(−20/16), l(−34/35), measured
in the range 2.04° ≤ Θ ≤ 27.48°, completeness Θmax =
99.8%, 20 228 independent reflections, Rint = 0.0864, 11 743
reflections with Fo > 4σ(Fo), 1041 parameters, 0 restraints,
R1obs = 0.0434, wR2obs = 0.0764, R1all = 0.1080, wR2all =
0.0928, GOOF = 0.935, largest diﬀerence peak and hole:
1.212/−1.288 e Å−3.
MTT assays
Ovarian cancer cell lines were cultured under standard con-
ditions (5% CO2, 37 °C, 90% humidity) in RPMI medium sup-
plemented with 10% FCS, 100 U ml−1 penicillin and 100 μg
ml−1 streptomycin (Life Technologies, Germany). Cisplatin
(Sigma, Germany) was freshly dissolved at 1 mg ml−1 in 0.9%
NaCl solution and diluted appropriately. New platinum(II)
complexes and ligands were dissolved in dmso. Platinum-
resistant A2780 and SKOV3 cells were established by repeated
rounds of 3 day incubations with increasing amounts of cispla-
tin starting with 0.1 μM. The concentration was doubled after
3 incubations interrupted by recovery phases with normal
medium. The cells that survived the third round of 12.8 μM
cisplatin were defined as resistant cultures. Determinations of
IC50 values were carried out using the CellTiter96 non-radio-
active proliferation assay (MTT assay, Promega). After seeding
5000 cells per well in a 96-well plate the cells were allowed to
attach for 24 h and were incubated for 48 h with diﬀerent con-
centrations of the substances ranging from 0 to 1000 μM for
platinum and 0 to 1000 μM for ligand tests. Each measure-
ment was done in triplicate and repeated 3-times. The
proportion of live cells was quantified by the MTT assay and
after background subtraction relative values compared to the
mean of medium controls were calculated. Non-linear
regression analyses applying Hill-slope were run in GraphPad
5.0 software.
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This work presents platinum(II) compounds with asparagusic acid and derivatives as ligands. Examples of
these derivatives were characterized using X-ray diffraction methods and the cytotoxic activity of corre-
sponding platinum(II) complexes was measured in vitro against ovarian cancer cell lines SKOV3 and A2780
and their specially prepared cisplatin-resistant analogues.
GRAPHICAL ABSTRACT
Introduction
Asparagus “have been on the culinary menu for over two thou-
sand years.”1 One of the constituents, the asparagusic acid, shows
a 1,2-dithiolane ring system similar to the α-lipoic acid, which
acts as a cofactor for pyruvate andα-ketoglutaratemulti-enzyme
dehydrogenase complexes. For that reason asparagusic acid is of
CONTACT Wolfgang Weigand wolfgang.weigand@uni-jena.de Institute of Inorganic and Analytical Chemistry, Friedrich-Schiller University Jena, Humboldt
Strasse ,  Jena, Germany.
Color versions of one or more of the ﬁgures in the article can be found online at www.tandfonline.com/gpss.
Crystallographic data for the structural analysis of compound xx has been deposited at the Cambridge Crystallographic Data Center (CCDC numbers:  for L, 
for L,  for L). Copies of the information may be obtained free of charge from The Director, CCDC,  Union Road, Cambridge CB  EZ, UK (Fax: + --;
email: deposit@ccdc.cam.ac.uk or www.ccdc.can.ac.uk).
high biological interest. It is known that asparagusic acid shows
growth inhibitory effects on fungals and higher plants, a charac-
teristic of high interest for anticancer compounds.1,2
Since its discovery cisplatin cis-Cl2Pt(NH3)2 is one of the
most used anticancer drugs worldwide.3 The square-planar
cisplatin acts by distortion of the dsDNA structure after i.v.
©  Taylor & Francis Group, LLC
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Figure . Asparagusic acid derivatives L–L, compound L and Pt(II) complexes P–P.
Figure . Molecular structure of L. Selected bond lengths (A˚) and angles (°):
Se−Se .(), C−Se .(), C−Se .(), C−O .(), C−O
.(), O···Oi ., Se···Seii ., Se···Seiii .; C−Se−Se .(),
C−Se−Se .(); torsion angle C−Se−Se−C−.°; i: −x, −y, −z; ii:.
−x, −.+y, .−z; iii: −x, −y,−z. Ellipsoids are drawn at % probability level,
hydrogen atoms have been omitted for clarity.
application and the uptake in the cancer cells. Side effects due to
its highly toxic properties as well as numerous resistance mech-
anisms of cancer cells lead to a limitation of the drug dose and
reduced clinical efficacy.4,5 For that reason the design and bio-
logical investigations of cisplatin analogues attract great atten-
tion in the recent literature. Recent results reporting on over-
coming cisplatin-resistance in cancer cell lines showed good
activity for different metal-complexes containing derivatives of
natural products as ligands.6,7
Results and discussion
Design of the asparagusic acid derivatives and their
platinum(II) complexes
Figure 1 shows the compounds used for this work. Asparagu-
sic acid and its derivatives have been discussed in literature for
several years.8-15 Crystals suitable for X-ray diffraction analysis
have been obtained from compounds L2, L3, and L5.
X-ray structure analysis
Results of the X-ray structure analysis are similar to what was
reported earlier.16
The molecular structure of L3 reveals that two molecules
form a dimeric aggregate via hydrogen bridges between their
Figure . Molecular structure of L. Selected bond lengths (A˚) and angles (°): S−Se
.(), C−Se .(), C−S .(), C−O .(), C−O .(), O···Oi
., Se···Seii ., Se···Seiii ., Se···Seiv ., Se···Sev ., Se···Sevi .,
S···Sv ., S···Svi .; C−Se−S .(), C−S−Se .(); torsion angle
C−Se−S−C −.°; i: −x, −y, −z; ii: .−x, y, .+z; iii: .−x, y, −.+z; iv:
.−x, .−y, z; v: x, .−y,−.+z; vi: x, .−y, .+z. Ellipsoids are drawn at %
probability level, hydrogen atoms have been omitted for clarity.
Figure . Molecular structure of L. Selected bond lengths (A˚) and angles (°):
Se−Se .(), Se−Se .(), C−Se .(), C−Se .(), C−Se
.(), C−Se .(), C−C .(), C−C .(), C−C .(),
C−C .(), C−Se−Se .(), C−Se−Se .(); C−Se−Se
.(); C−Se−Se .(); C−C−C .(); C−C−C .(); Ellipsoids
are drawn at % probability level, hydrogen atoms have been omitted for clarity.
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Figure . Molecular structure of L in the crystal. Left: Aggregated dimeric unit formed via hydrogen bridges. Right: View along the a–axis showing the supramolecular
arrangement due to strong hydrogen bridges and non-bonding intermolecular selenium–selenium interactions.
carboxyl groups (Figures 2 and 5, left). The lone pairs at the sele-
nium atoms are forced in eclipsed conformation, as can be read
from the torsion angle C1−Se1−Se2−C3 that is determined to
−0.28°. Thus, the diselenolane ring can be described as an enve-
lope structure. Expectedly, 1,2-diselenolane-4-carboxylic acid
L3 shows a complex supramolecular arrangement (Figures 5,
right and 6). Short contacts between selenium atoms of neigh-
boring molecules are observed, being 3.552 A˚ and 3.622 A˚,
respectively. The alignment of L3 in the solid state shows that
all diselenidemoieties arrange in well separated selenium layers,
which are connected via a systemof hydrogen bridges and there-
with building a complex three-dimensional network (Figure 6).
The layers are separated by approximately 9 A˚, as determined
from atom positions.
Even more astonishing is the molecular structure of L2
(Figures 3, 7 and 8). As a consequence of the exchange of a sele-
nium atom by a smaller sulphur atom, the 1,2-thiaselenolane
ring is distorted from the envelope conformation that was
observed in the molecular structure of L3. This fact is under-
lined by the torsion angle C1−Se−S−C3 that is −20.4°,
while the bond angles at Se and S are close to 90°, being
93.27(18)° and 91.39(18)° for C1−Se−S and C3−S−Se, respec-
tively. Expectedly, the supramolecular arrangement of L2 is
determined by hydrogen bridges and non-bonding inter-
molecular chalcogen–chalcogen interactions. As shown in
Figure 7, right, a complex network of interactions between
selenium atoms of neighboring molecules is detected. Each
selenium atom has not less than five short contacts to adjacent
molecules, all intermolecular Se···Se distances are in the range
of 3.580−3.616 A˚ and thus clearly shorter than the sum of their
van der Waals radii. These interactions align the selenium
atoms in strings along the c–axis that can be described as
edge-associated tetrahedral strands (Figures 7, right and 8).
As can be seen from the Se···Se distances, the tetrahedrons
are only slightly distorted. Regarding comparable interactions
between sulphur atoms, the shortest contacts were determined
to be 3.723 A˚ and thus are slightly longer than the sum of their
van der Waals radii (3.6 A˚). (a complete list of van der Waals
radii is available at: http://www.ccdc.cam.ac.uk/products/csd/
radii/.)
Figure 4 shows compound L5 as a formal dimer of L4, which
results in a ten-membered distorted ring structure with six car-
bon and four selenium atoms. Different bond lengths and angles
of C11 and its neighbour atoms show significant differences
whereas the values of its analogue C2 resulting in nearly the
same ranges.
Figure . Supramolecular arrangement of L displaying the clearly separated selenium layers that are connected via a hydrogen bonding system. Ellipsoids are drawn at
% probability level, hydrogen atoms have been omitted for clarity.
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Figure . Molecular structure of L in the crystal. Left: Dimeric unit due to aggregation via intermolecular hydrogen bridges between the carboxyl groups. Right:
Supramolecular arrangement caused by hydrogen bridging system and complex non-bonding chalcogen–chalcogen intermolecular interactions.
Figure . Supramolecular assembly of L in the solid state displaying the several short selenium selenium contacts. The selenium atoms form tetrahedrons, which are
edge-associated resulting in strands along the c–axis of the crystal. Ellipsoids are drawn at % probability level, hydrogen atoms have been omitted for clarity.
Figure . Overview of all IC values and the mean IC value in comparison to cisplatin. Substances were sorted by their mean IC values.
Cytotoxic activity of Pt(II) compounds
The cytotoxic activities of the compounds Pt1-Pt7 were deter-
mined on two ovarian carcinoma cell lines SKOV3 and A2780
as well as on their special-prepared cisplatin-resistant analogues
(SKOV3cis and A2780cis). It was observed that the platinum(II)
complexes, except Pt6 and Pt7, show higher or equal IC50 value
in comparison to cisplatin as a reference standard, Figure 9.
First investigations of the structure-activity-relationships
(SARs) show the best results for two of the Se/Se-containing
compounds Pt6 and Pt7, Table 1. Both compounds show lower
Table . IC values for all compounds were measured in triplicates with
MTT-Assays under same conditions (°C,  h incubation time).
SKOV [μM] SKOVcis [μM] A [μM] Acis [μM]
Pt1 . (±.) . (±.) . (±.) . (±.)
Pt2 . (±.) . (±.) . (±.) . (±.)
Pt3 . (±.) . (±.) . (±.) . (±.)
Pt4 . (±.) . (±.) . (±.) . (±.)
Pt5 . (±.) . (±.) . (±.) . (±.)
Pt6 . (±.) . (±.) . (±.) . (±.)
Pt7 . (±.) . (±.) . (±.) . (±.)
CDDP 3.8 (±2.8) 13.5 (±4.4) 1.3 (±0.2) 6.1 (±2.1)
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IC50 values than cisplatin on cisplatin-resistant cell lines which
results in a possibility to circumvent cisplatin-resistance.
Conclusions
In this work we investigated platinum(II) complexes with
asparagusic acid and its S/Se and Se/Se derivatives. L2 and L3 as
well as the dimeric structure L5 were characterized using X-ray
diffraction analysis showing an unsymmetrically coordination
sphere. All of the platinum(II) compounds Pt1-Pt7 were tested
withMTT-Assay and the IC50 values were determined for ovar-
ian carcinoma cell lines SKOV3 and A2780. The results show
higher or equal IC50 values for most of the novel platinum(II)
compounds with the exception of Pt6 and Pt7, which show
lower IC50 values on cisplatin-resistant cell lines SKOV3cis and
A2780cis. In conclusion the described platinum(II) complexes
are potentially able to circumvent the cisplatin-resistance in
ovarian carcinoma cell lines.
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A: NH3 or 1.2 DACH
X: Cl     or oxalate
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